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Abstract 
An innovative optical-optical double resonance scheme (bound-free-bound) which 
employs resonant continuum intermediate states has been developed. A full quan-
tum explanation has been suggested for the development of the vibronic envelope of 
the final states excited through such bound-free-bound pathways with two-colour 
pulsed lasers. This scheme has been applied to observing extended vibrational 
progressions of some and 1 9 ion-pair states of 12 and Cl2 , and the [2 11 1 ,2]6s;O 
Rydberg state of methyl iodide (along the C-I stretching mode, zi).  The vibra-
tional structures of the EO and f0 ion-pair states of 12 are simulated by using 
the resultant Franck-Condon calculation. The vibrational structure of the and 
1 ion-pair states of C1 2 also agrees with the predictions from the Franck-Condon 
calculations. The curtailment at v ' = 5 of the 113 vibrational progression of the 
methyl iodide [2 11 1 ,2]6s;0 Rydberg state has been attributed to the sudden onset 
of predissociation. 
The two-photon Hönl-London factors for (a) a well defined intermediate (J2 , Mi ), 
(b) a coherently superposed (J, M) and (c) a full set of coherent virtual states, are 
discussed. The simulation of the observed rotational contours of the O ion-pair 
states of 12  and Cl2 in the bound-free-bound scheme reveals the dominant character 
of the intermediate electronic states. Similar deduètions cannot be made for the 
19 ion-pair states of C1 2 and the reason is discussed. The two-colour two-photon 
nonresonant excitation of the O vibronic band of the ( 2 A'21)3p Rydberg state of 
CD3 has been observed and its rotational contour has also been simulated on the 
basis of established Hönl-London factors. The dynamics of the virtual intermedi-
ate states can be revealed by considering the observed parallel and perpendicular 
polarization spectra. A relative resonant enhancement of the 2 vibronic band 
of the ( 2 A)4p Rydberg state, in the out-of-plane mode (112), occurred when the 
photons were tuned on and off resonances with the intermediate ( 2 A)3s state 
which is strongly predissociated by tunnelling. 
The vibronic coupling between the [2 113,2]7s;1 g Rydberg state and the ,81 ion 
pair state of 12 has been investigated in great detail by using mass-resolved REMPI, 
together with vibronic coupling calculations. Spectral simulation reveals the op-
timized value of the coupling matrix element H12 to be 250+30 cm. This value, 
together with those of similar homogeneously coupled systems studied elsewhere, 
has been attributed to the interaction between minor electronic configurations of 
the two states. 
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Chapter 1 
Introduction 
The main goal of molecular spectroscopy is to reveal the electronic and nuclear 
energy levels and motions within molecules and how these properties are corre-
lated. This century has witnessed the birth of quantum theory and its beautiful 
application to molecular systems, especially to the interpretation of some early 
molecular spectra. The most general classification of molecular states is into the 
bound and dissociative states, the former being essentially long-lived with a slight 
damping due to coupling to other states radiatively or non-radiatively and the lat-
ter short-lived due to their repulsive character. The dissociative molecular state 
has been the subject for decades in molecular dynamics to disclose its structure 
and relevance to quantum scattering theory. Better understanding of the dis-
sociative molecular state may help us to control the dissociative channels and 
eventually some preferential chemical products. All the best progress made so 
far is facilitated by laser techniques. With intense visible and ultraviolet lasers 
coming into use, as well as modern quantum theory of multiphoton processes, a 
new field of investigating such short-lived dissociative molecular states has been 
opened up. This thesis is going to tackle one of the topics in this field. We will at-
tempt to see the close relationship between molecular spectroscopy and dynamics 
where spectroscopy shows the energy domain information while dynamics shows 
the time domain information. 
In this Chapter, as a starting point, we will show some general quantum de- 
1 
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scriptions of molecular states and the relevant multiphoton processes applied to 
revealing spectroscopy and dynamics of these molecular states. 
1.1 The Born-Oppenheimer Approximation 
The total molecular wavefunction is a solution of the stationary Schrödinger equa-
tion 
fIW = ETWT 
	
(1.1) 
where El is the eigenenergy of the observed ith quantized state. The non-
relativistic Hamiltonian H can be approximated by the sum of the nuclear, elec-
tronic and their mutual interaction operators 
H=TN+T+V 	 (1.2) 
where TN is the nuclear kinetic energy operator, t e is the electron kinetic energy 
operator and V is the electrostatic interaction potential for the nuclei and electrons 
including Vee , VN and VNN. Assuming the fixed nuclei, i.e. TN=O and VNN is 
constant, the Schrödinger equation is reduced into 
(le +1i''ee +IT"eN)W e =Ee W e 	 (1.3) 
where W e and Ee depend on the nuclear coordinates because of the VeN term. 
In the approximation first suggested by Born and Oppenheimer in 1927 [1], it is 
assumed that the motion of the nuclei (translational, vibrational and rotational) 
is so slow relative to that of the electrons that the nuclear coordinates involved 
in W and Ee may be treated as parameters, i.e. dynamically, the motion of the 
nuclei can be followed instantaneously by the electrons. The Schrödinger equation 
describing the nuclear motion is 
(N + VNN + Ee) TN = ETWN 	 (1.4) 
where WN is the nuclear wavefunction. Combining Equations 1.3 with Equation 
1.4 approximates the total ith-state molecular wavefunction as 
= WWN 	 (1.5) 
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and the ith-state eigenenergy 
(1.6) 
In a typical diatomic molecular state [2], 
ev;JMfZ (r, R) = e (r, R) Xv  (R) I Jf1M) 	 (1.7) 
where R represents the internuclear distance and r all the electronic coordinates 
in the molecule-fixed frame (MFF). Xv (R) and I J1M) are the vibrational and 
rotational wavefunctions respectively. In a symmetric top molecular state, e.g. a 
C3,, molecular state of C11 31, 
'e,;JMK (r, qj) = 	(r, qj) Hjxv (q i ) I JKM)  
where r denotes the same as above and qj represents the jth normal mode coor-
dinate. 11jX, (qj) and I JKM) are the total vibrational and rotational wavefunc-
tions respectively. It has been shown [3 - 5] that the normal mode representation 
may be transformed into the relative coordinate representation where the physi-
cal meaning of dissociative coordinate becomes more distinct. This is particularly 
useful when the dissoéiative channel of a symmetric top molecule [3] or a triatomic 
molecule [4, 5], whose dissociative state is quasilinear, is considered. 
1.2 Adiabatic and Diabatic Representations 
1.2.1 The Adiabatic Representation 
The exact Born-Oppenheimer wavefunctions, as can be solved from Equation 1.3 
form a complete basis set, each having its own eigenenergy with the nuclear coor-
dinates parameterized. Provided that T i  and W are the ith and jth wavefunctions 
of the same symmetry, we have 
Me Te+Vee+VeN I T ic ) = O 	 (1.9) 
The adiabatic representation mirrors, for example, on the potential energy curves 
of two interacting diatomic molecular states, an avoided crossing character, and 
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sometimes produces a double minimum potential when the avoided crossing is 
sufficiently strong. In this case, numerical calculation for the potential energy 
surfaces has to involve the neglected R-dependent term in the Born-Oppenheimer 
approximation. 
Ed = E + (W ITN 'T'e)r 	 (1.10) 
This picture has been widely applied to homogeneous coupling problems of di-
atomic molecular states [6]. 
1.2.2 The Diabatic Representation 
In the diabatic representation, we form a new basis set of the molecular wavefunc-
tions satisfying 
(Ve I TN I 	) = 0 	 (1.11) 
and 
I Te + Yee + VeN I 	= H" (R) 54 0  
where 4 and 4Dj are the ith and jth wavefunctions of the same symmetry among 
the basis set. This picture reduces the solution of a two-state homogeneous pertur-
bation into finding the roots of a 2 x 2 matrix as to be described further in Chapter 
6. Figure 1-1 shows an illustrative diagram of the adiabatic representation of two 
homogeneously interacting ith and jth states with dotted lines and the diabatic 
representation with solid lines. 
1.3 Dissociation and Predissociation 
The total non-relativistic Hamiltonian in the stationary Schrödinger equation 
(Equation 1.1) involves the electrostatic attraction (l1eN)  and repulsion (Vee and 
VNN) terms. With the nuclear coordinates parameterized in the Born-Oppenheimer 
approximation, the eigenenergy Ee of the electronic molecular state 'I',, depends 
on the location of the nuclei. Molecular state potential energy curves along a 
CHAPTER 1. INTRODUCTION 	 5 







Rc 	 R 
Figure 1-1: Diabatic and adiabatic potential curves of the ith and jth states. 
The diabatic curves (solid lines) cross at R and are defined by neglecting the part 
of He ,3  that causes the adiabatic curves (dotted lines) to avoid crossing by 2H 2 
at R. 
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specific nuclear coordinate always exhibit an inherent anharmonicity and lead to 
their dissociation limits. 
If the Schrödinger equation involves the relativistic effect, the electronic spin-
spin and spin-orbit couplings have to be considered and may lead to other disso-
ciative mechanisms that are not discussed further. 
As related to subsequent discussion of the bound-free-bound spectroscopy, a 
look at the definition of time scales of molecular dissociation is necessary. A typical 
absorption width of a dissociative molecular state from the ground state (v" = 0) 
is 10-.-' 10 cm', which corresponds to the decay time of 10_ 14 ,10_ 15  s from the 
Heisenberg uncertainty relation. This is essentially reflecting the evolution lifetime 
of the initial nuclear wavepacket [7]. The bond rupture time —2x 10-13  s, which 
was determined by Zewail's group [8] in real time by probing one of the dissociative 
products, shows the chemical disappearance of a dissociative molecular state. 
Predissociation occurs when the molecule is excited into a bound state (1) per-
turbed by a continuum state correlating with certain dissociative products or, (2) 
that is quasibound with respect to separate species. The perturbation between the 
bound and continuum states of the same symmetry may be accounted for in the 
adiabatic or diabatic representation. In the adiabatic picture, an avoided crossing 
can take many forms; e.g. when the potential well minimum of the bound state 
along the dissociating coordinate is below the dissociative limit of the continuum 
state and the diabatic crossing takes place on the outer limb of the bound poten-
tial, the bound state becomes very shallow (a dissociation barrier may exist) and 
another bound state above the diabatic crossing point is formed. We usually deal 
with weak or moderately strong predissociation in the diabatic picture, regarding 
this as a radiationless bound-free transition. The decay rate can often be written 
as the Fermi golden-rule expression 
- 	I 	I 2 8(E - E) 	 (1.13) 
where 0 and 	are the bound and continuum state wavefunctions respectively, 
and H is the perturbation Hamiltonian. The perturbation may be electrostatic 
(non-relativistic) or, spin-orbit (relativistic) etc. and assumed to be constant or de- 
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pendent upon the dissociating coordinate (R). The S function indicates a resonant 
condition when the predissociation occurs. The radiationless decay contributes to 
the damping lifetime of the excited bound state oscillator and essentially depends 
on the perturbation strength, H. This sort of predissociation is a common feature 
for lower vibrational levels of the halogen, interhalogen and alkyl halide Rydberg 
states and will be considered at various stages of this thesis. 
1.4 Multiphoton Molecular Spectroscopy 
Multiphoton spectroscopy has been of long-standing interest, since the possibility 
of two-photon transition was first predicted theoretically by Göppert-Mayer [9] 
using second order perturbation theory. One illustration of multiphoton processes 
in atoms and molecules is the absorption and spontaneous emission behaviour 
as phenomenologically interpreted by Einstein in 1917 [10], where the long-lived 
excited state was assumed to satisfy the steady state approximation. The other 
interesting manifestation is the Raman scattering process discovered in 1928 [11]. 
This multiphoton process does not require assuming a long-lived excited state, but 
a set of coherent virtual states which may be energetically accessible (resonant) or 
inaccessible (nonresonant) with the excitation light source. Development of quan-
tum theory of radiation-matter interaction shed light on the global interpretation 
of Raman scattering, giving the Kramers- Heisenberg-Dirac (KHD) expression [12] 
czif cx 	(of I Pf. I XnXXn I Ini I 	 (1.14) 
h(wL — w—iF/2) 
where aif is the Raman scattering amplitude, I Xn) denotes the nth virtual state, 
qj) is the ground state and I Of) is the final state. The energy denominater 
involves the excitation photon energy hwL , the nth virtual state energy hWn and 
the phenomenological lifetime F - '. Both the spontaneous emission and the Ra-
man scattering were able to be observed by using only conventional excitation 
source and detection techniques, e.g. atomic emission lamp and photographic 
plates. With the invention of lasers in the early 1960s, the high power monochro-
matic light beam became conveniently available and made it possible to observe 
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multiphoton processes which are too weak to detect with light from conventional 
sources. 
As alternative versions of the absorption and spontaneous emission processes, 
the optical-optical double resonance (OODR) [13] and the stimulated emission 
pumping (SEP) [14] spectroscopies became feasible with the advent of tunable laser 
beams. In a typical OODR experiment, a long-lived excited state absorbs another 
photon and is promoted to an upper excited state, while in an SEP experiment, the 
excited state is forced down to a lower state in the other laser field of appropriate 
energy. The virtual states in multiphoton processes become more active when 
laser techniques are used. Resonance enhanced multiphoton excitation (REMPI) 
can be used to access atomic and molecular states below and above their ionization 
thresholds via these virtual states. The optical-optical double resonance and other 
multiphoton excitation schemes with which this thesis is mainly concerned will be 
outlined below. 
1.4.1 Optical-Optical Double Resonance (OODR) 
Conventional optical-optical double resonance excitation in the visible and ultra-
violet regions takes advantage of two independently tunable pump and probe laser 
beams of long pulse duration. In a typical OODR excitation procedure, three elec-
tronic states, the ground, intermediate and final states have to be involved. Full 
understanding of the two-photon transition of this process should be distinguished 
from that of the femtosecond transition state spectroscopy as developed by Zewail 
et al. [15], which also uses the pump-probe technique. The latter method employs 
ultrashort pulsed lasers (' 30 femtosecond) to pump the wavepacket from the 
ground state to the intermediate state in real time, but the former only demon-
strates a time-averaged rovibrational behaviour of the intermediate state. 
The tunable nanosecond pulsed lasers usually have energy resolution around 
0.2 cm' or, even higher, around 0.04 cm - ' when etalons are used. The radiative 
lifetime of the intermediate state is about 10-6 r'.j_8 s, being comparable to 
the pulse duration (10 ns) of the pump and probe photons. Provided that the 
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intermediate state is essentially bound and shows discrete rovibrational structure, 
its rotational ('-'ips) or vibrational period ('-..dOO fs) is much shorter than both 
the radiative lifetime and the pump-probe pulse duration. The Fourier transform 
limit of the pump and probe pulses ('--'0.0005 cm') will be much smaller than 
the rovibrational energy spacing of a typical bound molecular state, and so is 
the radiative broadening having a 10_610_8  s lifetime. This demonstrates that 
the intermediate rovibrational coherence generated by using a nanosecond pump 
pulse in an OODR scheme is negligible compared with its rovibrational energy 
spacing, i.e. within the natural bandwidth of the pump pulse, only some well-
defined intermediate rovibrational levels are pumped from the ground state rather 
than a set of coherent intermediate rovibrationaj levels in a femtosecond transition 
state spectroscopy experiment using an ultrashort pulse of '--30 fs, of which the 
natural bandwidth is about 200 cm - '. The time-dependent wavepacket theory has 
shown that only with ultrashort pulses, as is done in femtosecond transition state 
spectroscopy, can the dynamics of the intermediate nuclear rovibrational motion be 
probed in real time [16]. In the case, when the intermediate state is unbound, that 
using a nanosecond pulse shows complicated rotational and vibrational coherence 
and this will be discussed later in detail. 
For the purpose of accessing upper electronic states with various geometries, 
the OODR technique shows its versatility. With the intermediate being bound, 
the tunable pump photon selectively excites a single vibrational level in the inter-
mediate state through the good Franck-Condon overlap along the inner classical 
or semiclassical region of the intermediate vibrational wavefunction and the probe 
photon excites the intermediate vibrational state up to the final state, convention-
ally developing good Franck-Condon overlap along the outer classical or semiclas-
sical regions of the intermediate vibrational wavefunction. This scheme has been 
used to access a number of ion-pair states and some specific Rydberg states in 
halogen and interhalogen molecules [17, 18]. 
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1.4.2 Coherent Multiphoton Excitation 
As with Raman scatttering, transitions to excited states can also be accessed via a 
coherent multiphoton excitation process, where a set of coherent virtual states act 
as the intermediates. An interesting starting point for considering coherent mu!-
tiphoton transition intensity follows that for Raman scattering described by the 
KHD expression, provided that we are encountering a coherent two-photon excita-
tion. More than two-photon excitation will have to involve more than two matrix 
elements, but the results for the two-photon case usually hold. This excitation 
scheme may be categorized into two cases as follows. 
On-resonance coherent excitation. Specification of on-resonance coher-
ent excitation is dependent upon whether the virtual intermediates are bound or 
unbound, when the oscillator strength carried by the first excitation step dom-
inantly points to the resonant intermediate. When a conventional nanosecond 
pulsed laser excitation source is used the intermediate vibrational state can be 
incoherently excited. When the intermediate state is bound, resonant coherent 
two-photon excitation then becomes a conventional optical-optical double reso-
nance. This thesis will attempt to address the on-resonance coherent excitation 
where the intermediate state is essentially a continuum. 
Off-resonance coherent excitation. As can also be deduced from the KHD 
expression, the two-photon excitation intensity in a typical off-resonance case, 
where the first excitation energy does not match any real electronic states between 
the ground and final states, can be approximated by the square of the Franck-
Condon overlap between the ground and final states [19] just like one-photon 
transition directly from the ground state to the final state. While in the case 
that the first excitation energy is close to any dipole-allowed intermediate state 
(near-resonance), the general description of such two-photon transition intensity 
should be considered in terms of the relative geometries of all states involved. 
CHAPTER 1. INTRODUCTION 	 11 
1.4.3 Bound-free-bound Spectroscopy 
As shown by several experiments in this thesis and elsewhere, multiphoton excita-
tion of molecular Rydberg and ion-pair states via resonance continuum interme-
diates in diatomic and polyatomic molecules has been observed. A review of this 
resonance coherent multiphoton excitation scheme is therefore necessary. 
In the early 1970s, H. J. Bernstein et al. performed several laser Raman scat-
tering experiments with halogen and interhalogen molecules [20], where the con-
tinuum valence states are in resonance with the excitation photon. The most 
interesting molecule, 12, was then reinvestigated by Rousseau and Williams and 
the recorded continuum Raman scattering rovibrational contour was successfully 
simulated in terms of the KHD expression [21]. This method has also been used 
to explore the emission behaviour of many dissociating polyatomic molecules, e.g. 
CH3 I [22] and 0 3 [23], and very high overtone spectra of a specific mode, along 
which the molecule is dissociating, were observed. All the emission vibrational 
structures were interpreted on. the basis of the .same theory as in the case for di-
atomic molecules, but the state sum calculation was replaced by the semicaissical 
time-dependent theory proposed by Heller et al. [24], where the Raman scattering 
amplitude compared with the classical KHD expression is 
if 	 I 	(t))dt 	 (1.15)
0 
00 
where 	(t))= e h I qj) and Hex is the excited state Hamiltonian. The defini- 
tions of WL, I 	and  I çbj ) are those in Equation 1.14. This expression, as has been 
demonstrated, is more distinct on physical grounds and efficient in accounting for 
dynamics of the dissociating intermediates. 
As pointed out in the general description of multiphoton processes, the sym-
metry allowed upper states are accessible when the Raman scattering down to the 
lower ground state is replaced by absorption of one further photon of appropriate 
energy and polarization from the same excitation laser or a second laser source. 
Such experimental evidence came from Stwalley et al.'s original work on reaching 
a triplet state of Li 2 in 1979 [25], where the initial state was a thermally formed 
triplet excited state and subsequent excitation photons originated from the same 
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light source. Extensive continuing work done by Grant et al. on NO2 [26], initi-
ating such a bound-free-bound route from the ground state, confirmed that this 
method was really useful in observing vibrational levels of high-lying molecular 
states, usually outside the vertical Franck-Condon window from the ground state 
in a conventional nonresonant coherent two-photon excitation scheme. Chupka et 
al. [27] excited high vibrational levels of the { 2 111/2]4s;l g Rydberg state of C1 2 up 
to v'=15 and of the i31 ion-pair state (identified later by Donovan et al. [28] ) 
from v'=75 upwards via the C 1 11 1 ,, repulsive state using a one-colour pulsed laser 
source, the Rydberg state being very close to the ground state in geometry and 
the ion-pair state quite different. In a zero kinetic energy (ZEKE) photoelectron 
spectrum, Bondybey et al. [29] observed an extensive stretching progression up to 
v'=lO along the C-I mode, 113, of CH3I+,  where the geometry of two lowest CH 3I+ 
states is very similar to that of the neutral ground state, also in a one-colour 
pulsed laser experiment. It is worth noting that both experimental results in C1 2 
and CH3I were explained in terms of the wavepacket dynamics theory of Equation 
1.15, which is based on a steady-state assumption for the continuum intermedi-
ate and satisfied by a continuous wave (CW) excitation process. This produces 
a question, when one views the most recent development of real time observation 
of wavepacket dynamics pioneered by Zewail et al. [30], that is; is the vibrational 
structure of the final state in this two-photon bound-free-bound route independent of 
whether the molecule is exposed to a CW, a nanosecond or femtosecond pulsed laser 
field ? 12, for which most of the electronic states concerned in a typical bound-
free-bound route have been well defined by using other spectroscopic techniques, 
is the best candidate for addressing this question experimentally. Further model 
calculation will confirm the difference of the above three cases in Chapter 4. 
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Chapter 2 
Experimental 
2.1 General Description 
In this thesis one- and two-colour multiphoton ionization experiments have been 
used to study the rovibronic structures of Rydberg and ion-pair states of 12, C1 2 , 
methyl iodide and the methyl radical. In a one-colour experiment the frequency 
doubled output of a tunable dye laser was applied to the investigation of the 
interaction of the [2 1E31 2]7s;1 9 Rydberg state with the 01 ion-pair state of 12  via 
2+1 REMPI, while in a typical two-colour experiment two independently tunable 
dye lasers gave access to the extended vibronic levels of the EO and fO ion-pair 
states of the same molecule via the resonant B 3IIOU continuum region in a 1+1'+l 
excitation pathway. 
Figure 2.1 illustrates a representive configuration of the experimental apparatus 
in a two-colour excitation and ionization experiment. Three general features of the 
apparatus; the pulsed molecular beam, the tunable dye laser system and the time-
of-flight mass spectrometer will be described below. Specific details of individual 
experiments will be included in the relevant sections of subsequent chapters. 
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Figure 2-1: A schematic diagram of the experimental apparatus for mass re-
solved two-colour bound-free-bound multiphoton ionization spectroscopy. 
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2.2 The Pulsed Molecular Beam 
Adiabatic cooling of internal energy occurs when a gas expands freely from a 
high pressure region into a vacuum. The thermally equilibrated translational and 
rovibronic energies of the gas molecules are partly transferred into the bulk trans-
lational energy along the expanding direction after the free expansion. The cooling 
effect relies on the density of the gas molecules in the source. In a seeded molecular 
expansion, a diluted source of the sample molecules in a buffer gas (atomic gases, 
e.g. Ar and He) undergoes a large number of collisions with the buffer atoms, 
which then produce a cooling effect on the rovibronic motion of the sample. 
Conventionally, after the seeded free expansion, the translation temperature 
has decreased more than the rovibronic temperatures. At the molecular beam/laser 
intersection region, a few centimetres downstream from the nozzle tip, very slow 
translation motion along the laser propagating direction results in a very narrow 
Doppler broadening which is advantageous for high resolution laser spectroscopy. 
Extremely efficient rotational cooling reduces the number of transitions from the 
ground state and gives rise to a simplified spectrum. It is worth noting that ro-
tational relaxation due to collisions with the buffer gas atoms is not necessarily 
homogeneous for all the rotational levels and the resultant rotational distribution 
may be more complicated than a one-temperature Boltzman distribution. There-
fore, in the simulations of rotational contours in this thesis, an explicit or implicit 
two-temperature Boltzman distribution function of the molecular ground state 
has been assumed. In the present experiments, a commercial pulse valve (General 
Valve Corporation Series 9) with an orifice of 250tm diameter was used to produce 
gas pulses of 300 its. 
Another phenomenon which may be observed in a seeded molecular beam is 
the formation of van der Waals molecules. Weak molecular interactions (e.g. long 
range electrostatic attraction) become prominant and lead to weak van der Waals 
bonds due to the slow relative translational motion between the molecules in the 
beam. However, in the present investigation, the experimental conditions such as 
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the buffer gas pressure (0.5'-4 atm) and species(Ar or He) were optimised such 
that van der Waals molecules were not observed. 
2.3 The Tunable Dye Laser System 
In two-colour studies, two dye lasers (Lambda Physik, FL2002E and FL3002E) 
were simultaneously pumped by the pulsed output from a high power excimer 
laser (Lambda Physik, EMG201 MSC) operating on the 308 nm XeC1 (B-+X) 
transition. The repetition rate of the XeC1 excimer was 5Hz and the pulse du-
ration of the dye laser output was '15 ns. The outputs of the dye lasers had a 
bandwidth of 0.2 cm -1 which could be decreased to 0.04 cm' when etalons were 
installed in the dye laser cavities. The input scanning parameters of the dye lasers 
were controlled by an attached microcomputer. The dye lasers working with dif-
ferent gain media covered a wide range of output wavelengths (335-.d770 nm), and 
moreover, the visible fundamental beam could be frequency doubled using potas-
sium dihydrogen phosphate (KDP, 260345 nm) and barium beta-borate (BBO, 
210--315 nm) crystals. The two laser beams used in two-colour excitation and 
ionization experiments were propogated in opposite directions with a negligible 
time delay at the ionization chamber. The laser beams were focused, if necessary, 
with 5 cm focal length lenses. In some experiments the lenses were positioned 
such that their focal points were displaced slightly from the time-of-flight axis in 
order to achieve intermediate laser power densities and minimise one-colour sig-
nals. The fundamental frequency outputs of the dye lasers had parallel orientation 
of polarization. When the fundamental frequency photon was frequency doubled, 
the polarization of the double frequency output was rotated by 90° through the 
crystal, and therefore the two photons of a fundamental and a frequency dou-
bled laser output had perpendicular orientation of polarization. In this case, the 
parallel orientation of polarization of both photons was obtained by passing one 
of the laser beams through a linear polarizer (Lambda Physik, FL50) and then 
through a double Fresnel rhomb. The excimer laser was synchronized with the 
pulsed molecular beam using a pulse generator (Farnell PG102). 
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2.4 The Time-of-flight Mass Spectrometer 
In the present experiments, the positive ions generated by multiphoton ionization 
of resonant neutral molecular states were repelled in an electric field ('2kV) be-
tween two conical cones of cm separation, and collimated by an Einzel lens 
(700 V). The velocities (.106  m/s) of these ions along the electric field, when 
they reached the pinhole in the lower cone, were much higher than their random 
thermal velocities ('.10 m/s). All the ions appeared in the 30 cm time-of-flight 
tube which was free from electric fields. Ions of different masses or charges were 
discriminated before they hit the microchannel plate ('-.' -4.1 kV) to produce elec-
tronic signals. The mass species were identified using the relation between the 
flight time(t) and the mass(m), i.e. t oc 
- The mass-selected ion signals were then sampled by a boxcar integrator and 
averager (Stanford Research, SR250) triggered by an electrical pulse from the 
excimer laser. The ion intensity recorded as a function of the scanned laser wave-
length gave rise to the molecular spectrum, which was fed into an IBM-PC through 
an A/D digitizer( Stanford Research, SR245). 
Chapter 3 
The Electronic Molecular States 
3.1 The Molecular Valence States 
The molecular valence states play important roles in conventional chemical reac-
tions. These states are formed by combining atomic valence electronic orbitals in 
phase or out of phase, the former corresponding to a bonding state and the latter 
to a non-bonding or anti-bonding state. Most stable molecules have the lowest 
valence state of bonding character diabatically correlating with the lowest valence 
states of dissociative atoms in diatomic molecules or dissociative fragments in 
polyatomic molecules. The out-of-phase combinations of atomic valence orbitals 
produce many unstable excited molecular states characteristic of direct dissocia-
tion or possessing a shallow well. As typical examples of halogen and alkyl halide 
molecules, the valence states of 12  and CH3I, most of which have been very widely 
probed in molecular spectroscopy and dynamics studies, are summarized in this 
Chapter. 
3.1.1 The Valence States of 12 
Among all 23 theoretically predicted valence states of 12,  11 of them have been 
well characterised spectroscopically [1 - 11], the ground state, X 1 I and B3II U 
being the most completely known. The molecular orbital (MO) theory gives the 
configuration of these valence states in terms of the type iro-, where rn+n+ 
p+q=1O are the electrons contributed from both 5p atomic valence orbitals of I [12]. 
We abbreviate those states as mnpq hereafter. The infrared and visible absorption 
20 
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spectrum of 12 has been studied by a number of authors, and deconvoluted into 
three prominant systems, A 3ll 1 , B3ll and B"H1(2431)f-X' (2440) [13]. 
The other valence states were characterised by observing their predissociation [7], 
magnetic field induced predissociation [13], collision induced predissociation and 
fluorescent emission phenomena [14, 15]. Some of these states have been used 
as intermediates in accessing the upper gerade/ungerade ion-pair states of the 
desired f values in OODR or perturbation facilitated OODR experiments, e.g., 
the c1 9 state hyperfine coupling to the B 311 J state facilitated the excitation of 
the H1 ion-pair state [2]. Above the dissociation threshold of the B 3II U state 
(A < 498 nm), the absorption oscillator strength is contributed in equal parts by 
the continuum region of the B 3 ll state and the purely repulsive B" 1 H1 state. 
It will be demonstrated that the B 3ll state acts as the dominant intermediate 
state in the coherent two-photon EO, f0 4—B 3H—X'E transitions, where the 
pump photon is scanned over its continuum absorption region (A < 498 nm). 
3.1.2 The Valence States of CH 3I 
The excited valence states of C11 3I contributing to the near ultraviolet A absorp-
tion band were first discussed by Mulliken [16]. In the early magnetic circular 
dichroism (MCD) studies [17], the broad absorption band was deconvoluted into 
three components, implying that three electronic states are strongly dipole-allowed 
from the ground electronic state. Under strong spin-orbit coupling, the repulsive 
valence states of C11 3I energetically accessed by the near ultraviolet absorption 
can be split into five, of which three correspond to the MCD absorption band. 
Mulliken denoted these three states as 'Qi, 3 Qo and 3Q, with respect to the 3E, 
2A 1 and 2E states in a C3 molecule. The transition from the ground state to 'Qi 
and 3 Q, changes one electronic quantum angular momentum (/S?=i) along the 
main molecular axis and therefore corresponds to a perpendicular transition. On 
the other hand, the transition to 3Q0,  with no change in angular momentum along 
the main molecular axis and corresponding to a parallel transition, dominates the 
oscillator strength carried from the ground state in the range 266'--295 nm [17]. 
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Since the absorption band of 'Qi  correlating with I( 2 P3/ 2 )+CH3 (k2 A) lies 
in the high energy region relative to that of 3 Q0 I( 2 P 1 12 )+CH3 (X 2 A), a diabatic 
crossing between these two states along the C-I dissociative coordinate can be 
predicted. The perturbation between these two states has been confirmed by 
many authors and to some extent leads to mixing of the two components [18]. 
This is interesting since it can be used to probe the electronic configurations of 
CH3I Rydberg states excited via one of these repulsive states in a two-photon 
transition. The 'Q j absorption is very weak and its role played as an intermediate 
in a two-photon transition to Rydberg states will be discussed in the next chapter. 
3.2 The Molecular Ion-pair(IP) States 
All molecules have ion-pair states and spectroscopic observations of these states 
are usually restricted to diatomic molecules, since the excitation of ion-pair states 
in polyatomic molecules is followed by rapid internal conversion to some other 
unstable states. The outline of ion-pair states as follows is only for halogen and 
interhalogen molecules, even though ion-pair states of alkali metal halides and 1:1 
adducts have been extensively studied [19]. 
The ion-pair states in halogen and interhalogen molecules have large Te values 
relative to other conventional valence states and are very close to Rydberg clusters, 
but differ significantly from the Rydberg states in Re. Only a very dense manifold 
of vibrational levels of the ion-pair states with energies much higher than Te can be 
accessed by using one-photon VUV absorption. Thus, since the Franck-Condon 
window from the ground state does not include their lowest vibrational region, 
identification of the origin of the ion-pair states still remains restricted in a one-
photon process even when the spectroscopic resolution is very high. This restric-
tion has been overcome in a few cases when the ion-pair states were pumped from 
some excited valence states prepared by fragmentation of ion-pair van der Waals 
clusters of 12  [20] and IBr [21] or, when they were directly excited by employing 
the tesla discharge technique [22]. However, only a multiphoton excitation scheme, 
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where the first photon excited the molecule from the ground state to an excited 
valence state, proved to be versatile in resolving this dilemma with rovibrational 
structure of the ion-pair states well resolved. With suitable intermediates having 
a different geometry from the ground state, the multiphoton excitation develops 
favourable Franck-Condon overlaps in the transitions of the ground/intermediate 
and intermediate/ion-pair. Previous multiphoton excitation to ion-pair states in-
volved using OODR, where the resonant intermediate is bound. In this thesis, we 
have developed an innovative scheme, similar to OODR, but with the intermediate 
state being unbound. 
The ion-pair states, in the diabatic representation, correlate with a positive-
negative ion pair and the asymptotic form of the potential energy curve V(R) is 
Coulombic (-). Since the ion-pair states have diabatic asymptotes of an X(p 4 ) 
and a close shell Y(p 6), the interaction at large R is essentially Coulombic and 
can be written in terms of the truncated Rittner multipole expansion form [23] 
V (R) = T00 - C1 R' ± C3 R 3 - C4R 4 - C6R 6 	(3.1) 
where R is the internuclear distance, T is the ion-pair dissociation limit, and 
C1, C3 , C4 and C6 are the charge-charge, charge-quadrupole, charge-polarization 
and induced dipole-induced dipole (dispersion force) interaction coefficients respec-
tively. The sign of C3 depends on J and M, the electronic angular momentum and 
its projection onto the internuclear axis in the Russell-Saunders coupling scheme 
[24], e.g. negative for 1 (3P 21 ), positive for I (3P 22 ) and 0 for I ( 3 P 20). This 
will be used to build up the diabatic outer limb of the i31 ion-pair state potential 
energy curve of 12  at much higher vibrational levels. 
Crossing of the asymptotic limbs of the ion-pair states and the Rydberg states 
occur at large R, and if these states are of the same symmetry, in the adiabatic 
representation the dissociation asymptotes of the ion-pair states correlate with 
neutral atoms, one of which will be Rydberg excited. This is often the case for 
light halogen and interhalogen molecules, e. g., F2 and C12. 
Clustering of the ion-pair states of halogen and interhalogen molecules comes 
from the diabatic dissociation asymptotes of a close shell anionic state Y(p6; 
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1 S 0 ) and various possible cationic states of X+ (p 4 ; 3P2 , 3P 1 , 3P0 , ' D 2 and 'S0 ). 
The strong spin-orbit coupling character of I (p4 ) and Br (p4 ) is mirrored by 
the clear clustering of Te at Re of ion-pair states of 12  and Br2 into groups with 
spacings similar to those of the corresponding cationic states, i.e. the potentials 
run almost parallel from R = oo to Re. The weaker spin-orbit coupling of C1+ 
(p4 ) only leads to the loosely similar pattern to 12  and Br2 . 
3.2.1 The Ion-pair States of 12 
Of all halogen molecules, the ion-pair states of 12 have been of the most inter-
est. 13 of the total 20 theoretically predicted ion-pair states have been so far 
characterised as shown in Table 3-1. All observed ion-pair states of 12  have large 
Re values and large De ('.' 30,000 cm') resulting from their shallow Coulombic 
outer limbs. Of the third and fourth clusters of the 12  ion-pair states, only the 
F'O( 1 D 2 ) and ?0('D 2 ) have been experimentally accessed. Lower vibrational re-
gions of the observed ion-pair states can be conventionally excited in the OODR or 
perturbation facilitated OODR experiments, where the A 3ll1 (2431) and B 311 
(2431) bound levels are used as intermediates. Moderately high vibrational re-
gions of D'29  and 31 were accessed in one photon transitions where a2 u and 
A 311ju  were the initial states [20,21]. Much higher vibrational regions of the E0, 
f0 and f0 states were observed by using double resonance ionization nozzle 
cooled spectroscopy (DRINCS) via the B3H intermediate state [25]. Portions of 
the vibrational progressions of the E0 and f0 states in the DRINCS spectrum 
have been re-observed, but with the continuum region of the B 3II U state acting 
as the intermediate state and this will be described in Chapter 4. 
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Table 3-1: The valence and ion-pair states of 12. 
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3.3 The Molecular Rydberg States 
Molecular Rydberg states involve the promotion of an electron from a non-bonding 
or weakly antibonding/bonding valence orbital to an orbital of higher principal 
quantum number, n. The progressive change of n up to oo leads to the ionization 
limit to which the Rydberg series converges and corresponds to complete removal 
of the Rydberg electron. The quantum average radii of the molecular Rydberg 
orbitals are generally larger than the internuclear distance of various geometries 
of the molecular ion core, and therefore the Rydberg electron interacts with the 
molecular ion core via the isotropic Coulombic term and is hardly affected by the 
rovibrational motion of the core. 
In the diabatic representation, the dissociative asymptotes of the Rydberg 
states in a diatomic molecule correspond to an atomic state of higher n and a 
ground or excited valence atomic state. The spacings of these molecular Ryd-
berg origins roughly exhibit those of the corresponding atomic Rydberg states. 
Hence, a brief description of the atomic Rydberg states would be instructive in 
understanding molecular Rydberg states. 
Atomic Rydberg states originated from Rydberg's characterisation of spectral 
lines of alkali metal atoms [26]. Compared with the well-defined Rydberg states 
of the H atom, those of multi-electron atoms deviate because of the penetration 
effect of the Rydberg electron, the shielding effect of the multi-electron core and 
the spin correlation effect of the Rydberg electron and the electrons in the core. A 
correction S to the energy origin of the Rydberg states in the multi-electron atom 
is therefore necessary. The energy levels of these Rydberg states can be described 
as 
IP (c +) - 
	Ry 	
(3.2) In _6(1)] 2 
where IP (c+)  is the ionization potential energy of the neutral atomic state, n 
and I are the principal quantum number and the electronic angular momentum 
quantum number respectively, Ry is the Rydberg constant (109,737.1 cm') and 
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& is the quantum defect relevant to a particular Rydberg orbital, I and the core 
state. 
The general principles ascribed to atomic Rydberg states also apply to molec-
ular systems. The energy origins of the molecular Rydberg states follow Equation 
3.2, but IP (ci) represents the energy of the molecular ion core to which the Ryd-
berg series converges. It has been demonstrated for many molecules, e. g. C12 , Br2 
and 12  [27 - 29], that both in a molecular core and in an associated atomic core, 
& is very similar, provided that the molecular states are not seriously perturbed. 
The electronic configuration descriptions of the molecular Rydberg states may 
be cast into two typical cases in a diatomic molecule; one is that the Hund's 
case (a) coupling scheme can be used to characterise the Rydberg electron where 
electron angular momentum L and total spin angular momentum S are good 
quantum numbers with projections Ah and Eh onto the internuclear axis, and 
the other, as demonstrated in C12  [27], Br2 [28] and 12 [29], is that the Hund's 
case (c) is the most appropriate coupling scheme where the spin-orbit coupling of 
the molecular core (we ) and the Rydberg electron (WRY) configurations becomes 
prominent and follows the W - WRy coupling of the Rydberg electron to the core, 
and only Il=Wc  ± WRy is a good quantum number. 
3.3.1 The Rydberg States 0112 
Extensive np and nf Rydberg states of 12 [30], Br2 [31] and ICI [32] converg-
ing onto the first [2 113,2] and second [2 11 1 ,2] ionization potentials, were observed 
by Venkateswarlu using high resolution VUV absorption spectroscopy. The pho-
tographed spectrum also revealed diffuse bands assigned as predissociation of the 
Rydberg states or broad band absorption of ion-pair states. In the lower energy re-
gion, this was then reinvestigated by Donovan et at. using both VUV synchrotron 
radiation absorption and fluorescence excitation spectroscopy [33 - 35]. The ion-
pair state absorption was characterized as the dominant 1441+— XI(2440) tran-
sition, corresponding to D0 +-- X' in '2  [33] and Br2 [34] and E0 — X'E 
in Id [35] with several predissociated Rydberg states (11=0 and 1) existing in the 
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same energy region. Most of the Rydberg states observed in the VUV absorption 
spectrum homogeneously (LSl=0) or heterogeneously (S=1) couple to D0 in 
halogen molecules and E0+  in interhalogen molecules. The predissociative charac-
ter of these Rydberg states, due to diabatic crossings to the continuum region of 
the underlying valence states, results in resonance dips in the VUV fluorescence 
excitation of the ion-pair states, and also prevents the observation of Rydberg 
state fluorescence. 
Dalby et al. [36] carried out the first coherent two-photon excitation of the 
gerade Rydberg states in 12  by using the sensitive ionization detection technique. 
They assigned the observed Rydberg state as [2111/2]  6s;19 with an origin at 53,560 
cm- ' based on the vibrational spacings, a rotational band contour simulation 
and linear-circular polarization changes. Subsequent studies revealed two other 6s 
Rydberg states [ 2 113/2] 6s;1 9 and [2 11 1 / 2] 6s;0 and four nd Rydberg states [37-39]. 
All the assignments were restricted to the United Atom Theory and revised by 
Donovan et al. according to the basic effective principal quantum number [29]. 
Higher vibrational regions of the 6s Rydberg system (Dalby system), lying about 
1000 cm below the next 7s Rydberg system, are expected to diabatically cross 
the ion-pair states in the first cluster outside the Franck-Condon window in the 
coherent two-photon excitation. However, a Rydberg/ion-pair state crossing and 
interaction has been observed by Cockett et al. [40], where vibrational progressions 
of the 31 ion-pair state were accompanying the lower vibrational levels of the 
[2 113/2]7s; 1g  state (v = 0 4) in a 2+1 REMPI spectrum of jet-cooled 12.  A 
vibronic coupling calculation of this interaction system was carried out and is 
described in Chapter 6. 
3.3.2 The Rydberg States of CH 3I 
The lowest, most intense discrete absorption system of CH 3I occurs at 200.5 nm 
[41]. The MO configuration of the ground state of CH 3I is described as 
'A 1 . When one electron is promoted to a particular Rydberg orbital, say 6s, we 
have two sets of Rydberg states in the C3 symmetry, [2 E312 ]6s and [2E,/2]6s, 
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the one-half and three-half core structure coming from the spin-orbit coupling of 
the configuration o 2 r3 . These notations were first given by Mulliken and Teller 
[42]. In the heavier methyl halides like CH 3I, the halogen spin-orbit coupling is 
sufficiently greater than the exchange energy between the halogen lone pair orbitals 
and the lowest Rydberg orbitals for the axial component of the electronic angular 
momentum of the core, w, to be a fairly good quantum number. Since the total 
1l(= w + wRy) is always good, the above two sets of 6s Rydberg states of C11 3I 
can also be described in terms of the Wc -WRY coupling scheme, i.e. [w]n1; ft Thus, 
we have [3/2]6s;2, [3/2]6s;1, [1/2]6s;0 and [1/2]6s;1 in ascending order of energy. 
The 6s Rydberg states of CH 3I have been well studied experimentally [43-46]. 
Both one-photon absorption and two-photon REMPI spectroscopies gave rise to 
a large amount of information about their electronic origins and the vibrational 
frequencies of the C-I stretch and the CH 3 umbrella mode. These states, as well 
as the higher 7s and 6p Rydberg states, are found to be extensively predissociated 
through diabatic crossing to the steep-rising continuum valence states by using 
rotational band contour simulation [47] and direct femtosecond pump-probe exci-
tation [48,49]. Most authors believe that the predissociation mechanism mainly 
concerns the C-I stretching coordinate. 
Only the vibronic origins or weak one quantum of the C-I stretch mode of these 
6s Rydberg states can be observed in the one-photon or two-photon excitation. 
This is easily interpreted by the Franck-Condon principle because the C-I stretch 
geometries of the ground state and the Rydberg states are fairly close and the 
one-photon or the nonresonant two-photon vertical transitions only give rise to a 
narrow Franck-Condon lobe. No intermediate continuum valence state has ever 
been deliberately probed at one-photon energy level in the previous 2+1 REMPI 
experiments. 
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It has been demonstrated that, in a one-colour two-photon excitation experiment 
Of 12 [1], the vibrational levels v'=40-s71 of the EO ion-pair state were accessed via 
the B3ll continuum region. This vibrational progression began at a one-photon 
excitation wavelength 440 nm and was interpreted in terms of the Franck-Condon 
principle between the continuum B 3IIOU state and the EO state. As deduced from 
the observed spectrum, three criteria were suggested as being necessary for ob-
serving such an inherently weak process under conditions of normal laser power. 
Firstly, the pump photon should lie near the maximum of the absorption con-
tinuum of the first step. Secondly, the probe photon should lie close to the red 
extremum of the fluorescence between the final and intermediate states. Thirdly 
both transitions should have a large cross section. If two-colour independently 
tunable pump and probe lasers are used, as is done in a conventional OODR ex-
periment, much more flexibility can be gained to explore the detailed -rovibronic 
structure of the final state. Such an experiment for some ion-pair states of 12 and 
C12 and Rydberg states of methyl iodide and the relevant theory will be described 
in this Chapter. 
34 
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4.1 Theoretical Generalization 
In the section described below, a theoretical simulation of the vibrational structure 
of the EO and fO ion-pair states of 12 observed in the bound-free-bound excitation 
route by using two tunable nanosecond lasers indicates that with sufficiently long 
pulses, the Franck-Condon principle can well define this bound-free-bound route. 
In contrast to previous theoretical and experimental continuum Raman scattering 
studies, we are using two coherent, tunable, pulsed lasers where many physical 
parameters, e.g. time delay, pulse durations and pump or probe power density, 
can be subject to change. 
In this section, a theoretical description of the two-colour bound-free-bound 
transition will be generalized. The explicit analytical expressions of the transition 
probabilities in the weak field limit of both lasers and in the strong pump or probe 
radiative field are given respectively. A numerical model calculation in the weak 
field limit confirms the difference in the vibrational structure of the final state as 
the pulse durations range from femtosecond to nanosecond. 
4.1.1 Theory 
The total Hamiltonian of the molecule-radiation system, H, composed of three 
terms in the electric dipole approximation, is 
HHmOI+HR+HED 	 (4.1) 
which involves the molecule and radiation field Hamiltonians "moE and fIR . In the 
second quantization representation, we have 
Hmoi =hwibtb. (4.2) 
where 	and bi  are the raising and lowering operators on theith state of the 
molecule, and 
HR = > hwk (aak +2 	 (4.3) 
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where at and âk are the raising and lowering operators on the kth radiative mode. 
In the presence of two-colour pump and probe radiation fields, HED  should involve 
two contributions 
HED=Vl+V2 	 (4.4) 
with V's defined as 
ze ________ 	1/2. 	A (a, bb 	/.W1k1Z1 
C I
\ 	(4.5) V1 1/2 >11 (hwlk1) 	Ek1 () 	1 	g) exp (i (2€0V) k1 	 \  
ze __________ 	 1/2 	
(a2i) 	/.W2k2Z2 
(2€0V)V2 k2 	 ) 
= 	>1 (hw2k2) Ck2 (t,' . D2 	exp 	 (4.6) 
where the 1k 1 th mode of colour 1 laser and the 2k 2 th mode of colour 2 laser 
stimulate the pump (g to c) transition and the probe (c to d) transition. co 
is the vacuum permittivity and V is the volume of radiation cavity. is the 
electric vector of the kith photon mode and Di is its dipole operator. The ground, 
continuum intermediate and final molecular states, Og , and bd are dressed 




= N1 (1k 1 - 1); N2; ') 	 (4.8) 
N1 (1k 1 - 1);N2(2k2 - 1);L'd) 	 (4.9) 
where N1 and N2 represent the eigenfunctions of colour 1 and colour 2 lasers, and 
1k1 and 2k2 are the photon numbers of the 1k 1 th and the 2k2 th mode. We have 
assumed that colour 1 and 2 lasers do not act on these three molecular states in an 
interfering manner [2]. The time-dependent wavefunction of the dressed molecular 
state in this two-colour radiation field is written as 
(t) = cg c g exp(—iwgt) + J dwf cf (t)q € exp(—iwt) + E cd(t)cbdexp( — iwdt) (4.10) 
where hw9 , hw and hwd stand for the energies of the dressed ground, intermediate 
and final molecular states. The physical dimension of the continuum intermediate 
wavefunction (k, is consistent with its energy normalization condition over w. We 
have assumed that the intermediate and final states are not mixing with the other 
states. Substituting Equation 4.10 into the time-dependent Schrödinger equation 
114(t) = zh (4.lfl 
at 	 ' ) 
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and projecting onto the dressed ground, continuum intermediate and final states 




I f4q) 	 exp(—'.) 
f dw€c(t) 	
= I exp(j1i) 	(2) dt 	Cd(t) 	 exp()cc 0 	 (2) 
where 
= 	Wg W1k1) 
h(wd - - W2k 2 ) 
0 	 \ / C9 	\ 
(2) 








k = ('Ik IIVlck) 
i4 	(On IViJqm) 
(4.15) 
(4.16) 
As noted above, the interference effect of the reverse action of the present pump 
and probe lasers on these three molecular states can be neglected, because the 
probe wavelength is essentially lying far beyond the Franck-Condon region be-
tween the ground and continuum intermediate states and the pump photon is not 
coherently exciting the final state as a probe photon. Neglecting the alternating 






) exp() di C9 	h 









ILA exp(11) 0 \ 	Cd(t) 
(4.17) 
which is to be solved with respect to the following approximations. 
4.1.2 The Weak Field Limit 
In this two-colour pump and probe excitation scheme, when the power densities 
in the radiation zone are low enough, the Rabi frequencies i4 and 0, and 
c9 (t) 1 all the time. We have 
iL 1 t 
ih - e(t) - ( 1) - IL cg exp( it 	 (4.18) 
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ihcd(t) = J 	c(t) (2)  exp( h 
Substituting the solution of c(t) into Equation 4.19 gives 
t' 
Cd(t) 
= - Jf oo 	- /id 	exp[(L 1 t" + L 2t)] dwc dt,J dt" (2) (1) 
With the pulsed laser excitation sources of a Gaussian profile, we have 
(4.19) 
(4.20) 
C1k1(t) .131 = 1c 
f2k 2 (t) 	= 2c 
13 1 exp[— (t 
- T1 ) 2 
D2exp[— (t 




where T1 - T2 is the time delay of the pump and probe pulses, and the subscripts 
of ê 1 , and 2c stand for the peak positions in the power spectra of the two pulses. 




- 	 ) f dt'f dt" 	(4.23) - 2c0hV 	oo 
exp{k(z.it" + z2t') - (
t'T2)2+(t"T1)2 + jW1 1+W2Z2 
where A(w) is the transition amplitude 
A(wf ) = ( bd I 2c 132 I 	'1 I 	(4.24) 
Equation 4.23 is the key formula in the following model calculation. 
4.1.3 A Strong Pump Laser Field 
When the pump laser field is strong and the probe laser field is the same as dealt 
with in the last section, the Rabi frequency 0 and the boundary value 
Cg(t) t=_= 1 
ihc9 (t) = f dit)exp(_ h )c(t) 	 (4.25) 
iL 1 t 
C' (t) = jiexp( 
h 
 )e9 (t) 	 (4.26) 
(2) 	i 2 t 
ihcd(t) = I dw1id€ exp( h  )c(t) 	 (4.27) 
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Equation 4.25 is rewritten as 
iL1, 
	
cg (t) = 	1J dw€i4) j dt')exp[--_(t - t)]c9 (t') 	(4.28) 
According to the slowly varying continuum approximation (SVCA) proposed by 
Shapiro [3], c9 (t) becomes 




I 	. hi I /-'g) 2 2e0V 	 Wc=W1c+)g 	 (4.30) 
and the boundary condition of c9 (t) and Equations 4.21 and 4.22 are used. As a 
result, Cd(t) becomes 
i i 
cd(t) = - f dwA(w) 	dt' I dt"exp{ 1 (z 1t" + z2t') - F(1) (4.31) f00 i—cO 	 h 
t ,, 2(t"—T1 )2 f_00dt"exp[ - 	2 	I I 	 - 
_________ 2(t l"—Tj )2 On physical grounds F(wi) dt"exp[— 
T2 ] is equivalent to a time-dependent 
damping term of the propagating wavepacket along the continuum intermediate. 
4.1.4 A Strong Probe Laser Field 
Similar to the case of assuming a strong pump laser field, we assume a strong 
probe laser field while the pump laser field is weak. The Rabi frequency 4) 0 
and c9 (t) 1 all the time. 
ii1t 	(2) 	i 2t 
ihc(t) = i4exp( 	) + exp(— h 
 )cd(t) 	(4.32) 
ihcd(t) = J dwctd€ (2) exp( h iL2t )c E (t) 	 (4.33) 
Substituting the solution of cE (t) into Equation 4.33 gives 
t 
(2) (2) 	Z22 Cd(t) = - JCIWE I 	 /1 €d 
J —00 
(4.34) 
Also by using the SVCA, Equation 4.34 can be reduced into 
dt 
Cd(i) = G(t) + H(t)cd(t) 	 (4.35) 






g(1)  exp[(1 2t + A l t/)] 	(4.36) 
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2(t - T2)21 	




 I 	I 	1 0' ) 12 1 2 	 (4.38 2c0 V 
Finally, we have 
t 	 t 
	
ti 
= eXP[100  dt'H(t')] j dt'G(t')exp[—  f dt"H(t")] 	(4.39) 
It is shown explicitly that, on the one hand, the strong probe laser field would 
damp the propagating wavepacket along the continuum intermediate, and on the 
other hand, it would enhance the population of the final state. 
4.1.5 The Population Probability of the Final State 
Since the pump and probe photons are propagating in the opposite directions and 
have good spatial overlap in our experiments, the spatial factor in Equations 4.5 
and 4.6 can be neglected. The observed signal of the total emission or ionization 
(the ionization stage is assumed to be structureless) of the final state may be 
represented by the population probability P(t) 
P(t) =1 Cd(t) 1 2 
	
(4.40) 
The subsequent model assumes a weak field limit condition for this two colour 
bound-free-bound transition. The chosen boundary values of both the lower and 
upper temporal limits converge the integrations. The vibrational structure of the 
final state is therefore shown by P(+oo). 
4.1.6 Model Calculation 
In a previous multiphoton ionization study on C1 2 [4,5], a relatively long vibronic 
progression of the 31 ion-pair state was observed by using one colour laser ex-
citation and the purely repulsive C 1 111 state as intermediate. The series of ex-
periments performed in this chapter has dramatically extended this method and 
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the E0, f0, /31, G1 9 and G'lg ion-pair states of C1 2 at higher vibrational levels 
than those observed by using the conventional OODR scheme become observ-
able by employing the continuum intermediate A 3ll 1 , B 3IIOU and C 1 ll1 states 
and two independently tunable nanosecond pulsed dye lasers. For simplicity, our 
model calculation is only restricted to choosing a model final ion-pair state whose 
potential curve is assumed to be harmonic with the typical R and We values [6], 
and a single continuum intermediate, namely, the purely repulsive C 1 H ju state 
contributing to this two colour bound-free-bound transition route. The X't 
ground state potential curve is adopted from the RKR turning points reported by 
Coxon [7] and the repulsive C'll1 state potential curve from that determined in 
continuum Raman scattering study of Kiefer et al. [8]. The constant transition 
dipole moment functions of C1ll1 - X'E and the final state - C 1 111,. are also 
assumed. Table 4-1 lists all the molecular constants used for the C 1 11 1 ,. and final 
states. 
The standard method [9] is used to perform the two-dimension integration over 
the time domain in Equation 4.23. The continuum vibrational wavefunctions are 
generated by using the Numerov method and normalised to the energies of the 
continuum states. Integration of the transition amplitude A(w) in Equation 4.24 
runs over the energy w with a grid width of 25 cm -1 following Simpson's rule. The 
bound vibronic wavefunctions of the ground state and the final state are derived 
from the numerical method reported [10]. 
The calculated absorption profile of C 1 ll1 <— X'i (0=0) shows that the 
only intensity maximum occurs around 30,450 cm -1 where the absorption C 1 1I 1 
+- X 1 >1(v"=1) gives the intensity minimum consistent with the Condon reflection 
principle. Figure 4-1 shows the calculated vibronic intensities of the final state with 
pulse widths of the pump and probe lasers varied from 169 fs to 169 Ps and the 
pump energy fixed at 30,451 cm - '. It should be noted that, for simplicity, no time 
delay of the pump and probe pulses has been imposed. Figure 4-2 shows the similar 
calculation to Figure 4-1 but for the transition from X'E(v"=1). It can be seen 
from Figures 4-1 and 2 that the node number shown by the X' E, vibronic level, 
when the pulse widths are on the fs timescale, is quite similar to the discussion 
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Figure 4-1: The calculated vibrational structure of a typical ion-pair state ex-
cited in a two-colour bound-free-bound transition from X'E (v"=O). 
Both the pump and probe pulsed lasers have pulse durations (1.69 x r ) (a) 
= 100 fs; (b) ? = 1 PS; (c) r = 10 ps; (d)T = 100 Ps. 
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Figure 4-2: The calculated vibrational structure of a typical ion-pair state ex-
cited in a two-colour bound-free-bound transition from X' 	(v"=l). 
Both the pump and probe pulsed lasers have pulse durations (1.69 x r ) (a) 
7 = 100 fs; (b) 7 = 1 PS; (c) T = 10 PS; (d)r = 100 ps. 
- 
-c 
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State Molecular Constants 
C1111 	a  Ve=20276.4 cm 
C =10450 cm 
y=4.5/A_ 1 
R=1.987 A 
the final state b Te=57572 cm 
We252 cm 
Re 2.87 A 
Table 4-1: Molecular constants of the C 1 11 12. and assumed final states of 35C12 . 
a V(R) = Ve +Cexp[--y(R— Re)]. b V(R) = Te +47r 2 c2 t(R_ Re )2 
of CW continuum Raman scattering [11 - 141. As the pulse widths increase to 
ns timescale, the final vibronic band becomes describable by the simple Franck-
Condon calculation. The further discussion about how the calculated structure 
evolves with the pulse durations in the picosecond region is prevented by such a 
small number of calculations. 
For exploring how the continuum intermediate state could be populated with 





dt 	 (4.41) 
where the lower limit is chosen to be compatible with the practical evaluation and 
the integration is essentially a full Fourier transform over a Gaussian function with 
respect to time. Finally, we have 
nicwic 1/2 	 ( L 2 r2 \ 
	
c(oo) = 
e 2cohV) 	I ic 	I g)eXp 	h ) exp 	4h2 ) 	
(4.42) 
where exp (iTi)  is the temporal phase factor, of which the modulus reduces to 
1. 





= 	I ic - 	 I 1 2 exp 
( 2h2) 	
(4.43) 
The population distribution I c(oo) 1 2  over the energy domain w is a Gaussian 
profile in the semiclassical picture when the vibronic level v"(X 1 >)=0, whose 
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width is about 4600 cm being equivalent to a temporal width of 1.15 fs based 
on the uncertainty principle. When the pump pulse is broad enough, e. g., a 
/ 22\ ns pulse, exp - --) can be approximated as a 6-function at w=w, +w9 . We 
have therefore obtained the resonant condition for the continuum intermediate 
state population. When a fs pump pulse is used, the continuum intermediate 
population distribution I c(oo) 1 2  contains an appreciable amount of coherence 
along the dissociation coordinate and results in a similar dynamical behaviour 
observed under half collision conditions. 
One then would ask what is the long limit of pulse durations that can be ap-
plied to observing such bound-free-bound transitions obeying the Franck-Condon 
calculation. In our theoretical model, we have neglected the consideration of spon-
taneous damping of the continuum intermediate state or the final state due to 
radiative decay or non-radiative coupling to other states. The time-scale of these 
processes is usually 10_68  s. It is easy to say that these processes will certainly 
lead to radiative or nonradiative broadening of the vibronic spectrum, and when 
applied to the continuum intermediate state, the vibrational coherence may be ap-
preciable even though the pulse durations are on the nanosecond scale. When the 
pulse durations are longer than these spontaneous decays, the above conclusion 
based on the assumption of no spontaneous process is not realistic any more. 
4.2 Application 1 ...... Excitation of the EO and 
fO Ion-pair States of 12 
4.2.1 Experimental 
A detailed configuration of the experimental apparatus has been described in 
Chapter 2. The molecular beam was generated by passing He at 500 Torr over 12 
at room temperature. The dyes Coumarin 102, Coumarin 120 and p-Terphenyl 
were used. 
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Up to 20 mJ per pulse was available from each laser and this was used for 
the weakest signals. More typically, for the stronger signals, less than 5 mJ per 
pulse was needed. Intracavity etalons were installed in both laser cavities for the 
rotational contour scans, thereby reducing the natural laser bandwidths from 0.2 
cm-1 to 0.04 cm'. 
All spectra were recorded by collecting the signal in the 1 mass channel. It 
is characteristic of the photoionization of 12 ion-pair states that the molecular ion 
signal is very weak or absent. 
4.2.2 General Features of the Vibrational Spectra 
In the one colour two-photon excitation of the E0 ion-pair state of 12, lower 
vibrational levels (v'=40'71) were accessed via the B 3ll continuum region, the 
onset of the two-photon signal being at a one photon excitation wavelength 
440 nm) which is close to the red extremum of the Mulliken difference potential 
between the E0 and B 3 II U states [1]. This implies that a threshold excitation 
wavelength may be predicted in this one colour bound-free-bound excitation route 
when the Mulliken difference potential between the states at the probe stage is 
not monotonic [15]. In order to gain more flexibility, a two-colour bound-free-
bound excitation route was proposed where the E0 and f0 ion-pair states of 12 
would be excited by two-colour transitions via the B 3H continuum region. If 
the probe photon had sufficient energy to reach the ionization threshold of 12  [16] 
this would be used to ionize the ion-pair states. The probe photon was chosen to 
be around 340 nm close to the red extremum of the f0-+ B 3HQU emission system 
[17]. When using a continuum intermediate state, it is somewhat arbitary as to 
whether the pump or probe laser is scanned since the overall resonant transition 
energy is the sum of the two continuously tunable photon energies (Figure 4-3). 
In 12, on the other hand, the probe laser in the chosen wavelength region can 
give rise to the coherent 2+1 REMPI process which may carry some oscillator 
strength from the ground state X' to the gerade Rydberg manifold [18] and 
congest with the desired two-colour bound-free-bound spectrum. For this reason, 
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in the current experiments, the probe laser was set to a wavelength where there 
is no 2+1 REMPI signal and the pump laser scanned. Moreover, the accessed 
vibrational energy regions of the E0 and f0 states are far from origins of the 
possibly perturbing 0 Rydberg states (~! 53,562 cm- ') [18], giving a very good 
single representation for both states. 
Figures 4-4 and 5 show the two-colour bound-free-bound vibrational spectra ob-
tained with the probe laser wavelengths set to 339.575 and 341.17 nm respectively 
and the pump laser scanned from '427 nm, well above the dissociation limit of the 
B3II state, to 501 nm. Both spectra were normalized to the power of the pump 
laser. The spectra show extensive vibrational structure with a general decrease 
in intensity from 500 to 427 nm reflecting the decrease of the B 3H-X'E09 
absorption over this range. As expected, the spectra show a relatively long vibra-
tional progression of the f0 state, Figure 4-4 involving v'=25'65 and Figure 4-5 
v'=2557 together with hot band progressions from v"=l and v"=2 (not labelled). 
More striking was the appearance of moderately strong hot and cold band progres-
sions from v'=98'-.'153 (Figure 4-4) and v'=99'144 (Figure 4-5) of the E0 state 
(not labelled). Even though the probe wavelength (r-'340 nm) lies in the emission 
wavelength region of the E0-*B 3H system, it is well displaced from the red 
extremum of the system at 430 nm [20]. As the probe photon was tuned from 
339.75 to 341.17 nm, a comparison of the E0 vibrational progressions in Figure 
4-4 with those in Figure 4-5 indicates that more E0 features were observed for 
the latter. All the observed vibrational positions of the E0 and f0 states agree 
with those data generated from previouly published constants from this labora-
tory [19]. The very intense peaks at the pump wavelengths greater than 498 nm, 
the dissociation limit of B 3H, are due to resonances involving bound levels of 
the B3ll state and are therefore conventional OODR signals. The resonances 
via the continuum intermediate were found to be only two orders of magnitude 
weaker than those via the bound intermediate to the same final state. 
A more careful view of the continuous f0 vibrational progressions in Figures 
4-4 and 5 shows some envelopes modulating the decrease of the B3IIU - X' E Og 
absorption with the pump wavelengths ranging from 500 down to -.'427 nm. For 
I 
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Figure 4-3: A schematic diagram of the potential energy curves of the X'>, 
B3ll, EO and fO states of 12. 
The classical (momentum conserving) points of transition for the second step to 
each of the final state can be seen. The probe frequency W2c is fixed and the pump 
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Figure 4-4: The 1+1' excitation spectrum of the EO and fO ion-pair states of 
1 2 via the B 3 H U  continuum region with a probe wavelength of 339.75 urn. 
The spectrum was normalized to the power of the pump laser. Only the vibra-
tionally cold bands of fO and EO are labelled. 
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Figure 4-5: As Figure 4-4 except with the probe wavelength set to 341.17 nm. 
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instance, intensity minima at v'=28, 33'34, 4142 and 49 in the f0 cold band 
vibrational progression in Figure 4-4 were found, indicating that the bound-free-
bound excitation spectra are essentially structured. 
4.2.3 Simulation of the Observed Vibrational Progressions 
The bound regions of the X' EI and B3IIOU potential curves of 12  were generated 
from RKR calculation using their reported molecular constants [21]. An expo-
nential form (Equation 4.44) was used to extrapolate the bound B 3II U potential 
curve to its continuum region 
V(R) = V, + Cexp['y(R - Re)] 	 (4.44) 
as was done in simulating continuum Raman scattering spectrum via the B 3H U 
state [22]. The continuum region was then cubically splined onto the RKR bound 
potential curve. Optimising the parameters Ve, C, -y, R gives the simulated spec-
tra to be discussed later. The observed vibrational levels of E0 (98 ~ v' <155) 
and f0 <<65) have been covered in previous OODR and DRINCS ex- 9 — — 
periments with the extensive potential curves of both states being available. A 
lateral shift of about 0.002 A of the reported f0 potential curve does not affect 
the simulated bound-free-bound spectra as much as that of the B 3II U potential 
curve. 
Since the B 3llt — X' E absorption spans a small range of internuclear sep-
aration of B 3II U , the transition dipole moment function ILB++X (R) is treated as 
being constant in practice. The transition dipole moment function I1JB (R) was 
derived previously from a simulation of the fluorescence emission spectrum from 
f0 (v'=88) [17]. The known transition dipole moment function /1E4B(R)  is lim-
ited to the range 3.4 < R/A< 4.9 [20,23], and has to be extrapolated inwards 
and outwards, i. e., it is approximated as 0.09+(R_3.89)2  D for 3.7< R/A<6.2 and 
0.07137 D for 2.4< R/A< 3.7. The vibrationally averaged dipole moments I1JB 
and 1LEB are 2.9 and 3.16 D respectively. The comparison of the observed vibra-
tional intensities of E0 and f0 with the calculated ones indicates that ionization 
efficiencies of both states to produce 1+  are very similar since the ratio of the 
,, 
CHAPTER 4. TWO-COLOUR BOUND-FREE-BOUND SPECTROSCOPY 52 
Franck-Condon factors calculated for f0 and E0 is generally 1020, which is 
in agreement with the experimental data. This is the reason that only weak and 
discontinuous vibrational progressions of E0 were observed. 
The bound vibrational wavefunctions involved in the present calculation are 
generated from the numerical method reported [10, 24], and the continuum vibra-
tional wavefunctions from the Numerov method. The semiclassical turning points 
of all vibrational wavefunctions were derived from the classical ones using the 
WKB wavefunctions to the limit of iO - . The rotational level J=0 is assumed 
to be appropriate for all the vibrational wavefunctions involved in the following 
simulation. This assumption is especially valid for 12  due to its large mass and the 
low rotational temperature 15 K of X 1 E after the supersonic expansion. 
The ns pump and probe lasers used in this experiment ensure the reliability of 
applying the Franck-Condon principle to simulating the present bound-free-bound 
vibrational spectra. The general expression for the simulation is 
47r  
Pd = h2 f0V2 fh21)2c  I (X I [Ldf(R) X') 1 (x€ 	I x9) 2 	(4.45) 
where nic, n2c and Wic, W2c are the photon densities and the angular frequencies 
at central positions of the pump and probe photons, c 0 is the vacuum permittivity 
and V is the radiation volume. The energy of the continuum state xf is defined 
by 
WE = Wj + iJg 
	 (4.46) 
Figure 4-6 shows the observed vibronic intensities of the f0 cold band (v"=O) 
spectrum taken from Figure 4-4 with an uncertainty of ± 15%, together with 
the simulated line intensities and Figure 4-7 those of the f0 hot band (v"=l) 
spectrum, the probe laser being set in both cases at 339.75 nm. The absorption 
of B3ll() from X' (0=0) should form a half Gaussian profile and that from 
X'E (v"=l) a profile of one node. The continuum region of the B 3 ll potential, 
however, is so steep that the scanned pump wavelengths down to 427 nm do not 
reach the node of the B 3II U hot band absorption, but the maximum position of the 
hot band absorption is shifted to shorter pump wavelength by ' -i 10 nm compared 
CHAPTER 4. TWO-COLOUR BOUND-FREE-BOUND SPECTROSCOPY 53 
with that of the cold band absorption. The observed f0 cold band vibrational 
progression in Figure 4-4 shows a generally monotonic decrease modulated by the 
probe transition of f0 +- B'+IIOU . Several intensity minima at v'=28 congested by 
E0(v'=101), 33-'34,41-42 and ''49 and maxima at v'=30'31, 37, 44-45 and 
54'-55 could be found. These features have been reproduced in the simulation with 
the parameters of the B3H continuum region refined to be Ve =20,121.0 cm 1 , 
C=7470.0 cm', y=-3.44 A- ' and Re 2.6825 A. The simulation of the f0 cold 
band vibrational progression with the probe wavelength set at 341.17 nm was also 
produced and is shown in Figure 4-8. Since the energy difference of the two probe 
wavelengths (123 cm') in Figures 4-4 and 5 is comparable to the local vibrational 
spacing of f0 at v'= 30, it may be predicted that the intensity minima of the f0 
cold band vibrational progression in both cases may differ by one vibrational 
level. This is confirmed in the observation. Moreover, a comparison between the 
cold and hot bands of f0 in Figure 4-4 showing no difference of the positions 
of intensity minima and maxima confirms that the two-colour bound-free-bound 
transitons are predominantly affected by the location of the probe wavelength. 
A simulation of the EO vibrational progressions in Figure 4-4 was also carried 
out and is shown in Figure 4-9. The interpretation of the appearance of the E0 
state in the bound-free-bound spectra is also supported by the Franck-Condon 
calculation. It is noted that we cannot reproduce exactly the observed vibronic 
intensities in Figures 4-6, 7, 8 and 9 within their uncertainties. This is attributed to 
the ionization stage which may affect the ionization efficiencies of the respective 
vibronic levels. However, these ionization efficiencies donot distort the general 
appearance of minima of the spectra. This has been confirmed in a separate study 
[19] where a similar ionization scheme was used and all the vibronic levels observed 
here were covered. 
4.2.4 Discussion 
The continuum absorption of 12  between 425 and 500 nm has been deconvoluted 
by Tellinghuisen [25] into transitions of equal intensities to the B3H U continuum 
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Figure 4-6: Simulation of the vibrational structure of fO in the fO—B 3ll() 
Og 









CHAPTER 4. TWO-COLOUR BOUND-FREE-BOUND SPECTROSCOPY 55 
20 25 30 35 40 45 50 55 60 65 70 
Vf 
Figure 4-7: Simulation of the vibrational structure of fO in the fO—B 3ll(c) 
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Figure 4-8: Simulation of the vibrational structure of f0 in the fO—B 3ll(c) 
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Figure 4-9: Simulation of the vibrational structure of EO in the EO—B 3fl() 
Og 
	= 0) excitation route where \prob=339.75  nm. 
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atoms. A red extremum around 350 nm of the Mulliken difference potential [26] 
is expected for the parallel 31 -+ B"ll1 emission, and therefore the /31 ion-pair 
state might be observed in this bound-free-bound transition route. However, the 
fluorescence from 31 shows no emission to the B" 1 ll1 state [26], indicating a 
very small Einstein A coefficient for this transition, and hence the f31 g vibrational 
progression was not observed in the present experiment. On the other hand, 
emission to the B"11 11., state has been observed at the 1% level from both the E0 
and f0 states at .-' 350 nm and 295 nm respectively [26]. Thus, the B"ll1 +-
X'E pathway may make a small contribution to the total E0 and f0 signals. 
There is also some evidence for this argument from the rotational data analyses 
as will be described in the next chapter. 
As mentioned in Chapter 1, the lifetime of a dissociative molecular state is 
represented by the evolution lifetime of the initial wavepacket and characterised 
by the timescale of 1013_14  s. An alternative interpretation of this is from the 
semiclassical point of view, where the lifetime of a continuum molecular state is 
treated as the transit time through the regions of stationary phase (Appendix A). 
A surprising argument may arise from comparing this short lifetime of a contin-
uum molecular state with the pulse durations r.-i10_8  s of the current pump and 
probe lasers; the observed signals via the continuum intermediate are only two 
orders of magnitude weaker than those via the bound intermediate. In order to 
simplify the simulation of the f0 vibrational progressions observed in this two-
colour bound-free-bound transition route, we have neglected the damping effect 
arising from spontaneous emission of the B 3 H U and f0 states, whose rates are 
on the scale of 1068 -i (the investigated '2 molecules were under collision free 
conditions after the supersonic expansion) and the power effect of the pump and 
probe lasers. Both of these factors should be included in the calculation and would 
lead to an enhancement of the simulated intensities. An alternative understanding 
of this is that both spontaneous emission and strong power radiation can induce a 
broadened coherence of the continuum intermediate as compared with the natural 
bandwidth of the pump and probe lasers, and more part of the power spectra 
(FWHM=0.2 cm') of both lasers was sampled. In the simulated f0 vibrational 
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spectra shown in Figures 4-6, 7 and 8, the calculated modulation structures seem 
deeper than the observed ones. This is a direct indication that an improvement 
of our vibrational simulation formula, Equation 4.45, should involve both spon-
taneous emission and power effects. It can be anticipated than the strong pump 
or probe laser power may somewhat distort the Franck-Condon structure of the 
observed vibronic levels in this bound-free-bound route with nanosecond pulsed 
lasers. The obvious change is that the modulation of the vibronic oscillation struc-
ture will become shallow. 
Fujimura and Lin [27] developed a theory of coherent and sequential two-
photon absorptions (TPA) of molecules incorporating an interaction among the 
radiation field, the molecules and the surrounding heat bath. Their theory, how -
ever, is not valid for interpreting our experiment where molecules after the jet-
cooled expansion are under collision free conditions and no deorientation effect due 
to intermolecular coupling is occurring. At room or even higher temperatures a 
diatomic bound intermediate state may be coupling with the heat bath via molec-
ular collisions due to its lifetime of 10_6_8  s in an OODR experiment [28]. For a 
dissociative intermediate, usually having a dissociative lifetime of 10_13_14  s, the 
intermolecular coupling may be negligibly minor before the molecule dissociates 
into separate atoms. A reverse process of this dissociation, recombination of the 
separate atoms is also minor. Even though the Franck-Condon principle is valid 
both here and in Fujimura and Lin's TPA theory, the physical grounds of both 
cases are different as can be seen from the further rotational analyses in the next 
chapter. 
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4.3 Application 2 ...... Excitation of Some O 
and 19  Ion-pair States of C1 2 
4.3.1 Experimental 
The molecular sample was a mixture of C1 2 and He. For the vibrational data, a 
mixture of 150 Torr of C1 2  and 450 Torr of He was used while for the rotational 
data, where less efficient rotational cooling was desired, the mixture was 150 Torr 
of C12 and 150 Torr of He. The fixed probe photons between 210250 nm of 
about 1 mJ per pulse were produced by frequency doubling the output of the 
dyes Stibene 3, Coumarin 2, Coumarin 47 and Coumarin 102 with a BBO crystal. 
The fundamentals of the dyes Coumarin 47, Coumarin 120, Stilbene 3, Furan 
2, PBBO, QUI, DMQ and PTP were used in the pump laser. Both lasers were 
focused outside of the ionization zone in order to minimise one-colour ion signals. 
The rotational data were recorded with intracavity etalons in both lasers. The 
spectral data of 35 C12  was obtained by substracting the spectrum recorded on the 
mass channel from that recorded on the 3sCl+ mass channel. 
The vibrational spectra were calibrated in two stages; the probe photon (tprobe) 
was chosen such that the dye fundamental excited an optogalvanic line of Ne, and 
the pump photon (Ap'ump ) was then also calibrated by Ne optogalvanic lines. 
4.3.2 Overview 
The Rydberg-Klein-Rees (RKR) procedure is the most widely used method of gen-
erating potential curves of diatomic molecules, based on the G,, and B,, functions 




- Vj(R)]dR = (v + ) 7r 	 (4.47) 
_(E) 
where E - V.j(R) is the kinetic energy at J rotational level, and R_(E), R(E) 
are the left and right classical turning points. RKR data below 63,000 cm' for 
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all six gerade ion-pair states of C1 2 correlating with Cl( 3 P2, 1 ,0)+C1- ( 1 S0 ) have 
been obtained from the OODR studies via bound levels of the B 311 and A 1 11 1 ,, 
valence states [30 - 35]. In this section, we use the two-colour bound-free-bound 
excitation to extend the vibrational levels of the E0, f0, /31 and G1 9 ion-pair 
states to ' s.' 72,000 cm-1 via the B 3 HOU and A 1 11 1.valence states above their 
dissociation limits, as well as via the purely repulsive C'fI, u state. Some of the 
vibrational levels above 72,000 cm' of the G'l g ion-pair state correlating with 
Cl( 1 D2)+Cl- ('S0 ) are also observed via the C'II, u state, its lower vibrational 
region up to v'=6 having been reported by Ishiwata ci al. [36]. Rotational contour 
analyses of some of the recorded vibrational bands of these ion-pair states yield B 
values, and together with the fitted vibrational Dunham coefficients generate their 
relatively extensive RKR potential curves. Figure 4-10 shows the RKR potential 
curves of the observed ion-pair states of C1 2 and the relevant resonant intermediate 
states in this bound-free-bound excitation scheme, and a transition route to the 
f0 state indicates the classical momentum on the probe stage is conserved. 
4.3.3 Analysis of the Vibrational Data 
The two-colour bound-free-bound excitation spectra of the E0 (3P 2 ), 01 (3P 2 ), 
f0 (3P0 ), G19 (3P 1 ) and G'l g ('D 2 ) ion-pair states of jet-cooled C1 2 have been 
recorded following excitation via the continuum intermediate states. The probe 
photons (\probe)  were fixed at 250, 230, 225 and 212.64 nm and the pump photons 
scanned. The two-photon energy range covered 61,000'-75,300 cm'. The two-
colour bound-free-bound excitation spectrum of 35 C12 between 61,000 and 69,400 
cm-1 shown in Figure 4-11, was recorded by scanning APUMP from 340 to 480 nm 
with the probe photon fixed at 250 nm. As shown later, the overall intensities of the 
state bands are enhanced relative to those of the 1 state bands when linearly 
polarized pump and probe photons are parallel rather than perpendicular to each 
other. The spectrum in Figure 4-11 was thus recorded with parallel polarization. 
Assignments of the observed vibronic bands of the E0, /31 and f0 ion-pair states 
were based on their overlapping with the previously observed vibronic levels in the 
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Figure 4-10: The RKR potential curves of the observed O and 'g  ion-pair states 
Of 35 C12 . 
The potential curves of the A 1 11 1, B 3IIØU and C'II, u intermediate states have 
been extented to their continuum regions. The transition route represents the 
bound-free-bound excitation of the fO state with the momentum on the probe 
stage conserved. 
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polynomial fitting together with those observed also in the previous OODR studies 
[35]. 
Figure 4-12 shows the two-colour bound-free-bound excitation spectrum of 
35 C12 between 72,500 and 74,200 cm -1  with the probe photon fixed at 212.64 nm. 
The upper trace of Figure 4-12(a), recorded with perpendicular polarization of 
the pump and probe photons, is dominated by a regular progression with spac-
ings of ca. 215 cm'. The lower trace of Figure 4-12(b), recorded with parallel 
polarization of the pump and probe photons, shows two prominant progressions; 
one is that observed in Figure 4-12(a) and the other, with a vibrational spacing of 
ca. 120 cm 1 , labels itself as higher vibrational levels of a first tier ion-pair state 
and is unambiguously identified as arising from the E0 state. The former is an 
1=1 ion-pair state as deduced from the following rotational data analysis, and we 
further label it as the C'1 ion-pair state correlating with Cft('D2)+Cl('S 0 ) on 
the basis of its observed vibrational spacing and extrapolated origin. Compari-
son of the vibronic band intensities of both progressions in Figure 4-12(b) with 
those in Figure 4-12(a) shows that the C'1 9 vibronic band intensity with parallel 
polarization of the pump and probe photons appears comparable to that with per-
pendicular polarization while the E0 vibronic band intensity decreases markedly 
in the latter. This observation will be reproduced in the rotational data analyses 
described in the next chapter. 
All spectra shown in Figures 4-11 and 12, were normalized to the power of 
the pump photons. However, the relative intensities of the vibronic bands in the 
upper and lower traces of Figure 4-11 require further comment. There is a loss 
of intensity in all progressions around 64,000 cm' ()tpump 415 nm), and it is 
difficult to follow the intensity pattern through this region. The intensity of the 
upper trace relative to that of the lower trace may not be exactly comparable. 
Moreover, in the upper trace, one additional probe photon has sufficient energy to 
reach the first ionization potential, but the probe beam has only low power and 
so ionization via this route may not be very efficient. For Apump < 380 nm, one 
additional pump photon is sufficient to reach the ionization potential, and so the 
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Figure 4-11: The two-colour bound-free-bound excitation spectrum of jet-cooled 
35 C12 between 61,000 and 69,400 cm-1 . 
The probe photon (Aprobe)  was fixed at 250 nm and the pump photon scanned 
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Figure 4-12: The two-colour bound-free-bound excitation spectrum of jet-cooled 
35 C12 between 72,500 and 74,200 cm- '. 
The spectra were recorded with perpendicular (upper trace) and parallel (lower 
trace) linearly polarized photons. The probe photon (.A prøbe ) was fixed at 212.64 
nm and the pump photon scanned. 
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extra power of the pump photons may distort the entire intensity profile below 
Ap ump=380 nm. 
As seen from the deconvoluted absorption data of C1 2 [37], between 340 and 480 
nm, the pump photon excites at least two valence states, namely, the B3ll state 
above its dissociation limit and the purely repulsive C'rl lu state. Absorption to 
the bound levels of the A'I[I ju state is very weak [32, 33], and that to its dissociative 
region has not been well characterised. From a splined extension of the inner wall 
of the potential curve it is estimated that the A 3ll1f-X' absorption should 
extend down to 350 nm with a maximum at 410 nm. 
The strongest bands seen in the spectrum of Figure 4-11 recorded via the B3II U 
state should be those terminating on the E0 and f0 ion-pair states according 
to the zfl=0 propensity rule for valence to ion-pair charge transfer transitions 
in halogen molecules. Lower vibrational levels of both 0 states characterised by 
Ishiwata et al. in the OODR studies via bound B 3H U levels have dispersed emis-
sion down to the B3 II U state with red extrema at 259 and 250 nm [30,31] on their 
respective Mulliken difference potential curves. A 'pump  of 250 nm should thus be 
effective in exciting the reverse transitions from the continuum region of the B 3II U 
state. Strong transitions to E0 and f0 vibrational levels were indeed observed 
beginning at Ap ump480 nm. From a consideration of one-photon absorption data 
it appears likely that, when Apu mp > 400 nm, the 31 state is excited chiefly by 
/31 9  —A3ll 1 —X' E transitions while /31 +-C' lli,  —X' E transitions dominate 
when \pump < 400 nm. 
The observed vibrational progressions of the E0 and G'l g ion-pair states in the 
spectra of Figure 4-12 requires further consideration. The lowest G'1 9 vibrational 
level that could be observed with )probe=212.64 nm, was v'=16 and the pump 
photon (Apump)  was just at the beginning of the C'H lu state absorption, but close 
to the peak of the B3II U +- absorption. This points to the C'H1 state as the 
dominant intermediate, for had the B3II U state been the common intermediate 
to the E0 and G'1 9 final states, there would have been no onset for the G'1 9 
state at this pump wavelength. Equally strong evidence for the C'Il lu state as 
the intermediate to the G'1 9 state comes from a comparison of the positions of 
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the red extrema for the G'1 9  +-B3H and G'19 ll +-C', transitions and the 
value Of )'probe used here. Using the G'1 9 RKR potential curve derived from the 
rovibrational data fitting below and the well known B 3ll potential curve, the 
invariant red extremum of the G'1 <-+B 3H transition is found to be at 202.5 nm, 
and the fluorescence intensity to have fallen effectively to zero by 207 nm. Thus, 
our A probe of 212.64 nm could not excite the G'1 9 -B3H transition. In contrast, 
the red extremum of the G'1 9 +~ C'll, transition, as calculated from our RKR 
potential curve and observed by Ishiwata et al. [36], is at 208 nm, with appreciable 
absorption extending to 213 nm, just including the present Aprob=212.64 nm. 
There is a significant difference (ca. 1.5 cm') between the band maxima of 
the E0 and f0 states measured from the recorded spectrum under perpendicular 
polarization and the band origins reported previously [30,31]. Rotational band 
contour simulations have shown that when perpendicularly polarized photons are 
used a relatively strong 0 branch head appears ca. 1.5 to the blue of the 
band origin. This band head forms the observed band maximum. In view of this, 
1.5 cm- 1  was substracted from the observed E0 and f0 band positions. The j3i 
state bands do not show an equivalent discrepancy because the different relative 
strengths of the branches do not shift the band maximum from the origin under low 
resolution. Tables 4-2, 4-3 1 4-4 and 4-5 show the measured vibrational transition 
energies of the E0, f0, Cl 9 and G'1 ion-pair states, accurate to 0.5 cm - 1 . 
These vibronic levels were combined with levels generated from the appropriate 
published data and fitted to a conventional Dunham expansion of the form 
G(v') = i: Yn,0[pm(V '  + )]fl 	 (4.48) 
where Pm = 	 ] . Only values of the 35 C12 isotopomer were included for 
the E0, f0 and G1 9 states, and values of both 35 C12 and '10110isotopomers 
for the G'1 9  state in order to yield the optimum vibronic numbering in Table 4-5, 
a change of which by +1 corresponds to changing the standard deviation (best fit 
value, 0.5 cm') by a factor of 50. The rotational term values of the 0 and 1 9 
ion-pair vibronic levels were obtained by simulating their rotational band contours 
as described in the next chapter. The derived molecular constants are shown in 
Table 4-6. 
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CM- I 
Vobs. - Veal. 
CM- 
 
'obs. t'obs. - Veal. 
CM- 1 
18 61862.3 -0.2 47 67429.5 -0.4 
19 62077.7 -0.1 48 67598.9 0.2 
20 62291.1 -0.3 49 - - 
21 62502.9 -0.2 50 - - 
22 62712.9 -0.2 51 68096.2 -0.4 
23 62920.7 -0.7 52 68260.0 0.2 
24 - - 53 68421.1 -0.5 
25 63331.9 -0.8 54 - - 
26 - - 55 - - 
27 - - 56 - - 
28 - - 57 - 
29 - - 58 - - 
30 - - 59 - - 
31 - - 60 - - 
32 64719.2 -0.2 61 69668.0 - 
33* 64912.4 1.48 62 69818.1 - 
34 65101.2 0.3 63 - - 
35 65289.4 0.2 64 - - 
36 - - 65 - - 
37 - - 66 70403.4 1.4 
38 - - 67 70548.5 0.0 
39 66027.2 0.2 68 70691.6 0.7 
40 66207.6 0.0 69 70832.3 0.1 
41 66386.8 0.2 70 - - 
42 66564.2 0.0 71 - - 
43 66740.0 -0.3 72 71248.8 0.0 
44 66914.7 -0.2 73 71385.7 0.4 
45 67087.9 -0.1 74 71520.2 -0.4 
46 67260.0 0.30  
* deleted from the fit 
Table 4-2: Observed and calculated vibronic band positions of the EO vibronic 
levels of 35C12. 
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Z/0b3 
Cm- 1 
Vobs. - L'cal. 
CM-1  
V 1 U0b8. 
Cm- 1 
Vobs. - 1'cal. 
Cm- 1 
11 61878.7 0.0 38 67401.0 -0.5 
12 62108.3 -0.2 39 67581.2 0.0 
13 62336.3 0.0 40 - - 
14 62561.7 -0.2 41 - - 
15 62785.3 -0.1 42 - - 
16 63006.6 -0.3 43 - - 
17 63226.3 -0.1 44 - - 
18 - - 45 - - 
19 - - 46 - - 
20 - - 47 - - 
21 - - 48 - - 
22 - - 49 - - 
23 - - 50 - - 
24 64707.5 -0.1 51 69617.8 0.2 
25 64910.6 0.9 52 69777.8 0.0 
26 65114.0 0.3 53 69937.0 0.4 
27 65314.6 0.6 54 70094.0 0.1 
28 - - 55 70249.8 -0.1 
29 - - 56 70403.4 1.1 
30 - - 57 70558.3 0.5 
31 66097.3 0.1 58 70709.4 -0.4 
32 66288.6 0.0 59 70860.3 -0.1 
33 66478.3 0.0 60 71009.6 -0.2 
34 66666.3 0.0 61 71158.8 1.0 
35 66852.7 0.2 62 71304.6 0.0 
36 67037.1 -0.1 63 71449.9 -0.2 
37 67220.6 0.4  
Table 4-3: Observed and calculated vibronic band positions of the fO vibronic 
levels of 35C12. 
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Vi V0b 3 
cm— I 
Vobs. - Ucal. 
cm' 
34 66583.7 0.1 
35 66768.9 -0.1 
36 66951.4 0.0 
37 67134.6 0.3 
38 67314.6 0.0 
39 67493.6 0.3 
40 67671.0 0.6 
41 67845.7 -0.2 
42 68020.2 0.3 
43 68192.3 0.0 
44 68362.7 -0.4 
Table 4-4: Observed and calculated vibronic band positions of the G19 vibronic 
levels of 35 C1 2 . 
4.4 Application 3 ...... Excitation of the [1/2]6s;O 
Rydberg State of Methyl Iodide 
4.4.1 Experimental 
The molecular beam contained a mixture of 150 torr of C11 3I and 400 torr of He. 
The spectra were recorded by tuning the pump-photons in the range of 240,290 
nm with a fixed probe photon between 485 and 580 nm. The dyes used were 
Coumarin 102, Coumarin 307, Coumarin 153 and Rhodamine 6G. The lasers were 
directed via 5 cm focal length lenses into the molecular beam, both lenses be-
ing slightly defocused from the ionization region in order to minimise one-colour 
photoionization signals. 
In all the spectra shown the CH, 1+  and  CH3I+  ion intensities have the same 
order of magnitude. However, the relative strengths of the three signals are depen- 
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V  35 C12 
110b31cm' gobs. - Vcal.1cm 1 
35 C137C1 
u0bS1cm 1 V0b3 - Vcal1Cm1 
16* 72137.8 2.0 
17 72359.6 0.6 
18 72582.0 0.8 72529.9 0.9 
19 72802.1 0.5 72747.5 0.6 
20 73020.6 0.2 72963.7 0.7 
21 73237.5 0.0 73178.3 0.5 
22 73452.3 -0.7 73391.2 0.3 
23 73665.6 -1.1 73810.8 -0.8 
24 73877.3 -1.0 73810.8 -0.8 
25 74087.2 -0.6 74018.1 -0.8 
26 74295.0 -0.3 74224.2 -0.1 
27 74501.5 0.2 74428.3 0.4 
28 74705.9 0.2 74624.4 0.1 
29 74908.8 0.3 74831.2 0.4 
30 - - - - 
31 75309.5 0.3 75227.8 0.3 
32 75507.1 -0.1 - - 
deleted from the lit 
Table 4-5: Observed and calculated vibronic band positions of the G'1 9 vibronic 
levels of 35 C12 and 35C137C1. 











57819.71(26) 57571.73(37) 59356.45(24) 59295.90(19) 68446.36(05) 
251.851(49) 252.455(88) 256.832(53) 256.558(40) 256.66(02) 
-1.0303(28) -1.0398(66) -1.1936(34) -1.1949(21) -1.0019(15) 
Y3 , 0 (10) 2.483(60) 3.12(22) 3.868(80) 3.357(33) 1.700(30) 
Y4 , 0 (10 -5 ) -0.296(40) -1.40(32) -0.698(64) 
Y5 , 0  (10-8) 8.3(23) 
Y6 , 0  (10-10) -2.22(64) 
(f) (g) (h) (i) 
0.11632(28) 0.11554(31) 0.11633(22) 0.11899(09) 
Y1 , 1 (10) -6.31(36) -6.25(17) -6.90(28) -5.83(05) 
Y2 , 1  (106) 1.09(57) 1.07(22) 1.26(44)  
irom rei. [oj 
Table 4-6: The molecular constants of some gerade ion-pair states of 35 C12 . 
The values are valid up to v': (a) 74, (b) 120, (c) 63, (d) 44, (e) 32, (f) 59, (g) 
69, (h) 62, (i) 32 and in cm'. The numbers in parenthesis are equivalent to one 
standard deviation. 
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dent on the power of the pump photon, which varies significantly as its wavelength 
is tuned. Since the number of photons involved in the initial ionization step is not 
certain, none of the spectra are power normalized. The results here were collected 
on the mass channel which gave the best signal-to-noise ratio for any particular 
system. 
4.4.2 Overview 
In the above three sections, we have carried out both the theoretical model cal-
culation of the vibronic structure of an assumed ion-pair state of C1 2 and the 
experimental observation of extensive vibronic progressions of some O and 1 
ion-pair states of 12  and C12  using the dissociative intermediates. These states 
have geometries which are different from the ground state. The observed vibra-
tional structure is based essentially on the Franck-Condon principle. This implies 
a full-collision model for the dissociative intermediate state and builds up a picture 
similar to that derived by Shapiro [38] when interpreting the continuum Raman 
excitation profile (REP) of CH 3I observed by Galica et al. [39]. 
In this section, we attempt to extend this two-colour bound-free-bound scheme 
to the observation of higher overtone excitation in some of the low-lying C11 3 1 Ry-
dberg states. Since the continuum valence cluster A of CH3I does not lie at half 
the energy of the desired Rydberg states [40 - 42], the necessity of using two inde-
pendently tunable lasers was obvious. The results are compared with these of the 
one-colour 2+1 REMPI of the same Rydberg states. Figure 4-13 shows schemati-
cally the potential curves along the C-I coordinate of the relevant electronic states 
of CH3I, illustrating the transition routes of the two-colour bound-free-bound exci-
tation and one-colour nonresonant excitation of the [1/2]6s;0 Rydberg state. The 
steepness of the three repulsive valence states is based on each respective absorp-
tion maximum determined in the MCD study [40]. 
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4.4.3 Nonresonant 2+1 REMPI Spectrum 
Figure 4-14(a) shows the one-colour 2+1 REMPI spectrum recorded on the CH 
channel over 54,000r57,000 cm -1 excitation energy range. Such multiphoton ion-
ization studies in the same energy range were reported earlier [43 - 45], and our 
observed [1/2]6s;0 and 1 Rydberg states reproduce the previous results. The one-
photon wavelength (350-s.'370 nm) does not access any of the three repulsive valence 
states. It can be seen that the only strong two-photon transitions from the ground 
state terminate on the electronic origins and v' - 1 of the umbrella mode, v 2 , of 
each Rydberg state. The similar spectrum of the [1/2]6s;0 and 1 Rydberg states 
of CD 3 I is shown in Figure 4-15(a). 
4.4.4 Two-colour Bound-free-bound Spectrum 
Figure 4-14(b) shows the two-colour excitation spectrum of the same two-photon 
energy region recorded with a probe photon fixed at 570 nm and a pump pho-
ton scanned between 274 and 253 nm. Over this region, the pump photon is in 
resonance with the 3Q0  continuum valence state which has the strongest absorp-
tion cross section of the three continuum valence states 3Q, 3 Qo and  'Qi.  The 
polarizations of the pump and probe photons were set parallel to each other to 
reproduce the polarization conditions in the 2+1 REMPI experiment. Since the 
addition of a further probe photon cannot reach either the 2 E31 2 (76,930 cm') or 
2 E1 1 2 (81,979 cm') ionic state of CH 3I [46], a further pump photon or 2 probe 
photons were required to ionize the two-colour excited Rydberg states. It is not 
known which ionization route is more favourable, but for brevity the overall exci-
tation scheme will be labelled as 1+1'+l throughout. The difference between the 
spectra in Figure 4-14(a) and (b) is obvious; an extensive vibrational progression 
up to 3 of the v3 mode in the [1/2]6s;0 state is identified, as well as the combi-
nation overtone progression with the Cl 3 umbrella mode, v2 , e. g.,2 1 3',23 and 
2  and one- 0 0 	 0 
or two--quantum excitation of the 112 mode, 2 and 2 are observed. The band 
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Figure 4-13: A schematic diagram showing the potential curves of the ground 
state, the 3Qi, 3 Q0 and  'Qi  continuum valence states and the [1/2]6s;O and 1 
Rydberg states of CH 3I along the C-I stretching coordinate. 
Both 1+1' bound-free-bound (line) and one-colour two-photon nonresonant exci-
tation (dotted line) routes to the [1/2]6s;O Rydberg state are indicated. 
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CH3I CD3 I 
Vibronic Band position Energy separation Band position Energy separation 
Band /cm -1  /cm' /cm' /cm' 
00 54052 0 54159 0 
3 10 54537 485 54628 469 
32 0 55015 963 55091 932 
2 10 55146 1094 54985 826 
3 3 0 55482 1430 55544 1385 
23 55633 1581 55452 1293 
3 55930 1878 55987 1828 
23 56103 2051 55913 1754 
2 56237 2185 55807 1648 
3 56360 2308 56427 2268 
23 56570 2518 56389 2230 
23 56709 2657 56275 2116 
Table 4-7: Positions (± 2 cm') and assignments of the observed vibronic bands 
of the [1/2]6s;0 Rydberg state of C11 31 and CD 3 I. 
two-photon energy of 54,065 cm -1 is used as a reference. A similar spectrum of 
CD3 I is shown in Figure 4-15(b), where the pump photon was set at 265 nm and 
the probe photon scanned between 525 and 610 nm. 
4.4.5 Discussion 
In the one-colour two-photon ZEKE photoelectron spectrum of C11 3 I [46], a smoothly 
converging progression in 113 up to v' = 10, with We = 484 cm -1 and an anhar-
monicity constant of -3.41 cm 1 , was observed for the 2 E31 2 state of the ion. A 
similar progression up to v' = 6 with We = 463 cm -1 was observed for the 2 E1 12 
state of the ion. In the present studies, a progression up to v' = 5 is observed 
with w = 488 cm -1 for C1131. It should be stressed that the termination of the 
progression at v' = 5 is not due to a loss of dye laser power. Additionally, it 
does not reflect a decrease in the absorption strength at the pump stage. This 
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Figure 4-14: The observed 2+1 REMPI and 1+11+1 bound-free-bound multi-
photon ionization spectra of C11 3 1. 
(a) The one-colour nonresonant 2+1 REMPI spectrum. (b) The 1+1'+l bound-
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Figure 4-15: The observed 2+1 REMPI and 1+1'+l bound-free-bound multi-
photon ionization spectra of CD 3 I. 
(a) The one-colour nonresonant 2+1 REMPI spectrum. (b) The 1+1'+l bound-
free-bound multiphoton ionization spectrum with the pump photon fixed at 265 
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was confirmed by carrying out equivalent scans with various, lower wavelength, 
fixed probe photons none of which showed any extension of the progression in the 
113 above v' = 5. As discussed below, it is believed that the termination of the 
progression is due to some form of predissociation of higher vibrational levels. 
One-photon transitions to three valence states have been observed between 215 
and 320 nm [40]: absorption to the 3Qi  state occurs between 275 and 320 nm, to 
the 3Q0  between 230 and 310 nm and to the 'Qi  between 215 and 280 nm. The 
relative oscillator strengths are approximately 1:100:30. Thus the pump photon 
used to record the spectrum in Figure 4-14(b) (253'274 nm) excites predominantly 
the 3Qo  state. Furthermore, since a parallel charge transfer (AQ = 0) probe 
transition seems more favourable than a perpendicular one, it is concluded that 
it is the 3Q0  valence intermediate state which is responsible for the extended 113 
progression in the [1/2]6s;0 Rydberg state. 
Excitation of the [1/2]6s Rydberg series corresponds to promoting an electron 
from the non-bonding iodine 5p orbital to the weakly bonding 6s Rydberg orbital, 
and therefore the equilibrium C-I bond length of the [1/2]6s Rydberg series may 
be slightly smaller than that of the ground state. This is confirmed in the observed 
nonresonant 2+1 REMPI spectrum, where only the 0 and 2 vibronic bands of 
the [1/2]6s;O and 1 states appear and no quanta of 113, the C-I stretching vibration 
are observed, indicating that the C-I stretching coordinate of the two Rydberg 
states is quite close to that of the ground state. 
Bound-free-bound excitation in diatomics has produced very long vibrational 
progressions in the final state as described in the previous two sections, and reso-
nance Raman scattering of CH 3 I via the 3Qo  continuum state results in progres-
sions in 113 up to 0=29 in the ground state [47]. We must therefore look for factors 
causing the relatively short extension to the vibrational progression observed here. 
In the diatomic halogens, the envelope of the vibrational progression is found to 
be oscillatory, a consequence of two interfering branches [15] contributing to the 
integral in the Franck-Condon factor for bound-free overlap at the probe stage, 
which is in turn a consequence of a double-valued Mulliken difference potential be-
tween the intermediate and final states. The present group of five v' levels might 
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Figure 4-16: The 1+1/+1  REMPI spectra of CH 3I obtained by scanning the 
pump laser with Ap robe  set to three different wavelengths. 
(a) )'probe620  nm, (b))tprob_570, (c)A probe 520 nm. The 00 and 2 bands marked 
by + belong to the [1/2]6s;1 Rydberg state. 
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therefore be just the first lobe in a much more extended progression. However, 
the Mulliken difference potential between the 1'3Qi  states and the Rydberg state 
is now monotonic, as is the difference potential between the same repulsive states 
and the ground state [48]. Direct computation of the bound-free Franck-Condon 
factors does not reveal a modulation of the vibrational envelope anywhere near 
the required periodicity. Experimentally, there is no evidence for any resumption 
of the vibrational progression beyond v'=5 when A probe is changed. We therefore 
conclude that the cessation of the REMPI signal is due to a fairly sudden onset 
of rapid predissociation around v'=5. The similar spectrum of CD 3I (Figure 4-
15(b)) also shows the termination of the v' progression at 3. The v3 mode is only 
weakly affected by isotopic substitution and the vibrational amplitudes in the C-I 
coordinate should be roughly the same for two isotopomers at each value of W. It 
is therefore concluded that the predissociation occurs in the C-I rather than C-H 
stretch. 
The present results have a bearing on the previously reported 2+1 REMPI 
spectra of CH 3I [49,50]. In these, strong transitions to the 6s, 6p and 7s Rydberg 
states have been seen, while above this only the 8s, 9s and 10 s have been observed 
and these only very weakly. It was proposed that the rapid drop in intensity above 
the 7s level was due to absorption, and subsequent dissociation, at the one photon 
level. Although this process must take place, we have shown that not only is 
it possible to pump through the dissociative states, even with two independent 
photons, but that such an excitation scheme can result in significant enhancement 
of the two-photon signal. It seems unlikely in a one-colour single laser experiment, 
with the improved spatial and temporal overlap that exists, that similar signal 
enhancements would not accompany an intermediate resonance. Thus, a more 
probable explanation for the low intensities in any but the origin band of the higher 
Rydberg states is that it is the Rydberg states themselves which are undergoing 
extensive predissociation even at v'=l of Z-'3. 
The flexibility of this two-colour bound-free-bound scheme to access the high-
lying final states can also be used to probe the relative contributions of the three 
repulsive intermediate states, 3 Q1, 3 Q0 and  'Qi. In the 2+1 REMPI spectrum 
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(Figure 4-14(a)), the vibronic band intensities of the two Rydberg states, [1/2]6s;0 
and 1 are comparable to each other whereas the latter state cannot be observed in 
the two-colour spectrum recorded with a probe photon of 570 nm (Figure 4-14(b)). 
We also scanned the same two-photon energy range with fixed probe wavelengths 
of 620 nm (Figure 4-16(a)) and 520 nm (Figure 4-16(c)). The two strongest vi-
bronic bands, 0 and 2 of the [1/2]6s;1 state are observed at these new probe 
wavelengths. In the first of these excitation schemes, the longer wavelength pump 
photons with )tprob=520 nm can access the 'Q 1 valence state as well as the 3Q0 
and the pump photons needed with )probe .,::-620 nm lie near the maximum of the 
'Qi absorption continuum. Hence, inspite of the smaller oscillator strengths of 
the 3 Q 1 - X and 1 Q 1 - X transitions, an Q = 1 intermediate state is necessary 
if the [1/2]6s;1 state is to be observed in a two-colour experiment, i. e. a parallel 
transition at the probe stage. 
In Figure 4-16(a) and (c) it is not possible to identify a progression in v3 in 
the [1/2]6s;1 state because one quantum of v3 based on the [1/2]6s;0 state origin 
is coincident with one quantum of v 2 built on the [1/2]6s;0 state origin. Assuming 
that the [1/2]6s;1 state can only be excited in a two-colour experiment via a 
real intermediate state, it is striking that the 1Qi  state, accessed throughout the 
spectrum shown in Figure 4-16(b), does not act as an appropriate intermediate. 
One possible reason may be that the absorption spectrum by Gedanken and Rowe 
[39], which they subsequently deconvoluted, was recorded at room temperature 
while our sample is jet-cooled. The wings of a bound-+free absorption curve are 
very sensitive to the vibrational population of the initial state and it is possible 
that the absorption from X(v" = 0) into the 'Qi  state in the wavelength range 
257-271 nm is very weak. 
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4.5 Conclusion 
A full time-dependent quantum theory has been developed to describe the two-
colour bound-free-bound excitation pathway in molecules with pulsed lasers. The 
model calculation of an assumed ion-pair state of C1 2 reveals that the vibronic 
structure of the ion-pair state evolves with the pulse durations in the range of 
fs"-ns. The long pulse limit (r  ns) of this theory gives rise to the validity of using 
the Franck-Condon principle to describe this transition pathway, and this has been 
proved by the experimental observation of extensive vibronic progressions of the 
E0 and fO ion-pair states of '2. Extensive vibronic progressions of some 0 
and 1 ion-pair states of C1 2  have also been observed in the present experiment. 
These agree very well with the predictions based on the theoretical results. Bond 
extension of the [2 ][1 1 ,2]6s;O Rydberg state of methyl iodide along the C-I stretching 
mode, 1/3 to v' = 5 in a two-colour transition pathway has been attributed to the 
resonance excitation via the continuum valence state, 3Qo. The curtailment of 
this bond extension is due to a sudden onset of predissociation along the C-I 
coordinate. 
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Chapter 5 
Two-photon Hönl-London Factors 
A conventional OODR excitation scheme for a high-lying molecular state usually 
requires an intermediate rovibronic state(s) which has been well defined by using 
other spectroscopic techniques. Only a limited number of the intermediate rovi-
bronic states are accessed within the natural bandwidth of the pump laser, giving 
rise to an easily assignable OODR spectrum. In order to obtain a global picture 
of the potential energy surface of the final high-lying state, one needs to record 
OODR spectra with a wide range of intermediate rovibronic states and the resul-
tant spectral analyses become laborious. Making use of a continuum intermediate 
state simplifies the spectral analyses with an excitation scheme similar to OODR. 
For a moderately heavy or heavy diatomic molecule like C12  or 12,  the centrifugal 
energy 42 2 J(J+ 1), where t is the molecular reduced mass, R is the internuclear 
distance and J is the rotational level, contributes little to the variation of the ef-
fective molecular potential energy curves with low J, i. e. phase shift of continuum 
vibronic wavefunctions of the same energy at different low J values is negligibly 
small. Hence, the two-photon excitation of a high-lying state via a continuum 
intermediate is equivalent to coherent excitation of all intermediate (J,M) levels 
allowed in a one-photon excitation. When the investigated molecule is light, e.g. 
H2 , dephasing of the continuum vibronic wavefunctions of the same energy at low 
J may become appreciable; the interested reader may refer to ref. [1]. 
In this Chapter, the Hönl-London factors for two-colour two-photon transitions 
in molecules are discussed, and newly established rotational linestrengths have 
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been tested with appropriate molecular transitions. The dynamics of the contin-
uum intermediate state is deduced from rotational contour simulations based on 
these Hönl-London factors. 
5.1 Theory 
In order to simulate the recorded band contours in the two-colour two-photon 
excitation schemes, the relevant Hönl-London factors must be established first. 
The transition schemes generalized in Chapter 1 are classified in terms of (1) a 
resonant continuum intermediate state of well-defined (J1 , M1 ) (2) a resonant con-
tinuum intermediate state of (J, M1) coherently superposed (3) a set of coherent 
virtual intermediate states. 
5.1.1 A Continuum Resonant Intermediate State with Well 
Defined (J, M) 
If the resonant intermediate state is bound, the linearly polarized photon partially 
aligns the originally isotropic M" distribution which is sampled at the probe stage. 
The appropriate Hönl-London factors are then those given by Perrot et at. [2]. The 
same factors may also be applied when the intermediate state is a continuum, but 
with an additional summation over the resonant intermediate rotational states J2 
since these are degenerate in the continuum. Thus the appropriate Hönl-London 
factors in the case of a resonant continuum intermediate are 
oc 	 [J"][JJ2 V IIJ 
	
1-. [J']Rj, 	 (5.1) 
M"M'J 
where the rotational factor 
2 I ' 	1 	2 / j, 	1 	2 / ,, 	 1 	2 / " 	1 
R1, = 	
' i P2) 	—M' M k 2 ) 	M" —M 1 k1) 	" 	P1) 
(5.2) 
and the square of the transition amplitude 
= [(1l'v' I YP2 I 	I PPI I 1"v")] 2 	 (5.3) 
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where p1, P2 are the values of L\ for the electronic transitions in the molecular 
frame(0 for a parallel transition, ±1 for a perpendicular one) and [J] = 2J + 1. 
k 1 and k2 are the components of the angular momentum of the pump and probe 
photons in the laboratory frame (k = 0 for polarization along the Z-axis, k = +1 
for circular polarization). The appropriate Hönl-London factors for the case of 
perpendicular planes of pump and probe photons are (112)[S(0, +1) + S(07 —01. 
The transition dipole moments involve the overlap of the initial and final states 
with continuum wavefunctions (r J Ii(E
(1)1 )) which describe the dissociative motion 
in the electronic state Il, with an energy c( l) (relative to that of the separated 
atoms) appropriate to absorbing a pump photon of wavelength )(1)  In writing 
down Equation 5.1, we have allowed for the possibility that the first photon energy 
is resonant with a transition to more than one continuum electronic state 11,. In 
the case of two overlapping continua, which might be relevant to the 1 +-+-- 0 
excitation, one Q j = 1 and the other 1, = 0, P1  and P2  would take on pairs of 
values (1,0) and (0,1), but this would not constitute interfering paths. 
Even though the resonant intermediate state is a continuum, we might argue 
that Ji and M are still good quantum numbers, and therefore Equation 5.1 should 
be used. This will be tested in the following simulation of one of the recorded G'1 9 
ion-pair vibronic band contours of C1 2 in section 5.3.2. 
5.1.2 A Continuum Resonant Intermediate State with Co-
herently Superposed (J2 , M) 
The lifetime of a dissociative intermediate state (Appendix A, in the sense of the 
time taken to transverse the interatomic separation where the probe transition 
can occur) is typically 10-14  s, far shorter than a rotational period ('-.1 ps), and 
therefore closure over Ji and M1 should be used. The latter point of view leads to 
the Hönl-London factors for a coherent two-photon process as given, e.g. by Bray 
and Hochstrasser [3], provided that one additional condition is satisfied. The tran-
sition dipole matrix elements for each step, (1() I I v') and (1(cj) I v") 
are slightly dependent on J1 because the continuum radial wavefunctions are mod- 
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ified by the centrifugal term 	2 J1(J+ 1). It can be seen that contribution of such 
a J-dependent term to the phase shift of the continuum vibronic wavefunctions is 
negligibly small for heavy or moderately heavy diatomic molecules at low J levels. 
This condition is fuilfiled under jet-cooling, where efficient rotational relaxation is 
occurring. A semiclassical approximation to I 1l(c1 )) readily shows that the phase 
shift induced at the classical turning points of transitions for the probe step by 
changing J by ±1 is radians for J2 10. The Franck-Condon factors for 
different J' +- Ji transitions are thus effectively independent of Ji and we can 
proceed with closure over intermediate rotational states. 
As a first example, we will look at the behaviour of 0 — 0(q) — O 
linestrengths under perpendicular and parallel polarizations when APUMP  lies in the 
continuum of the first 0 - 0 absorption. This excitation route requires parallel 
transitions at both pump and probe stages and using closure over (J, M1 ), the rel-
evant Hönl-London factors for the dominant Q(LJ = 0) branch for perpendicular 
and parallel polarizations respectively [4], are 
= J(J + 1)(2J + 1) 




= [ 4(2J + 1)J(J +1) + 
(2J + 1)] x M 2 	(5.5) 
45(2J + 3)(2J — 1) 9 	 00 
where 
= (clV I 1p I 	))(P') I 	I"V ") 	( 5.6) P2P1 
The result for S?(i) is one half that for two circularly polarized photons in 
the same sense given by Bray and Hochstrasser [3]; a ratio that holds for all 
the branches if the excitation pathway is strictly 0-0f--0. It is characteristic of 
the formulation arising from a coherent superposition of the (J2 ,M2 ) states that 
the ratio of the Q branch Hönl-London factors for parallel and perpendicular 
polarizations in the limit of high J is 8, whereas in the real intermediate state 
formulation, Equation 5.1, the ratio is 4/3 from the limiting behaviour of the 
Wigner 6-J symbols obtained by the diagrammatic summation over (M",M'). 
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Branch Linestrength 81J'(1) 
o (J-cz-2)(J-c2-1)(J-n)(J+0) 10 J(J-1)(2J-1) 
P i (J-z)(J-n-1)(J+211+1) 2 	2 +  20 (J-1)J(J+1) 	 12 	J 
Q 
3 (J+12+1)(2 ~2+1)2(2J+1)(J-11)2 + -- (2J+1)(J-12)(J+l+1),2 20 J(J+1)(2J-1)(2J+3) 	 12 	J(J+1) 
R (J+11+1)(J+c2+2)(J-2n) 2 	2 + i (J+1z+1)(J+cz+2) 	2 20 J(J+1)(J+2) 	 12 	(J+i) 
S 1 (J+cz+1)(J+cl+2)(J+ul+3)(J-9+1) 	2IL __________ 10 (J+1)(J+2)(2J+3) 
Table 5-1: Rotational linestrengths for a 2-photon Q +1 +---- 1 transition under 
perpendicular polarization. ± 2) 
The Hönl-London factors for a coherent two-photon excitation of an Q = 1 state 
under parallel polarization have been given by Bray and Hochstrasser [3], though 
there is a misprint in their formula for the P branch which should be written as 
(J — 1) rather than (J + 1) in the nominator. The formulae for the perpendicular 
polarization, listed in Table 5-1, can be extracted from Chen and Yeung [5], but 
the definition of 1u -j changes from that for a sum over virtual transitions to the 
combinations of the pump and probe transition dipoles appearing in Equation 5.1 
to a resonant dominated process in each case. If there is more than one resonant 
intermediate continuum, the possible values of Q j must be summed over. For a 
particular case of Il' = 1 -- Il" = 0, the first transition can either be a parallel 
or perpendicular one (11=0 or 1), so the effective two-photon transition dipole 
used in Table 5-1 becomes 
=  01 ± 	± 	+ 	 (5.7) 
where the superscript (n) indicates that the first transition, i — X, is made by a 
photon of wavelength A(n).  In Equation 5.7, i vanishes if )'pump = "probe. From 
Table 5-1, it can be seen that the relative branch amplitude of a rotational band 
contour obtained under perpendicular pump/probe conditions will enable the ratio 
of [4 to p2  to be obtained. Equation 5.7 does indicate that there will still be a 
difference in ji and if both 1l=0 and 1 states contribute to the absorption of 
the first photon. 
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5.1.3 A Set of Coherent Virtual Intermediate States 
When a set of coherent virtual states are used as intermediates in a two-colour two-
photon transition, the pump and probe photons can not be distinguished, because 
neither colour is accessing any resonant intermediate state. The Hönl-London fac-
tors of this process, where two non-identical photons are absorbed, have also been 
discussed by Chen and Yueng [5]. Compared with the case of a continuum inter-
mediate state also with coherently superposed (J2 , M1 ), two differences should be 
stressed. In the nonresonant two-colour two-photon transition scheme, the tran-
sition amplitude contains the coherent superposition of all electronically allowed 
vibronic states, and therefore closure over this can also be applied and leads to 
the vertical transition route from the ground state. This shows exactly the same 
behaviour as a nonresonant one-colour two-photon transition. Because the two-
colour excitation sources have unequal energy, an extra term has to be involved 
in the Hönl-London factors when the polarization scheme of both photons is per-
pendicular. This term becomes negligibly small when the virtual states are far 
higher than the two-photon energies. However, the Hönl-London factors for the 
parallel polarization scheme in this two-colour two-photon transition are identical 
to those in the one-colour two-photon transition. The Hönl-London factors under 
both parallel and perpendicular polarizations are written as 
	
S11(p i , p2 ;w1 ,w 2 ) OC R 0 (pi ,p2 ;w1 ,w2 ) + R 2 (pi ,p2 ;wi ,w2 ) 	(5.8) 
and 
Si(P1, P2; w 1 , w 2 ) OC [R(1)(p,p2;w1 , w2 ) + R 2 (pi ,p2 ; Wl w 2 )] 	(5.9) 
where 
u 
R ° = (2J' + 1)(J", J')S(K', K") I I 	II I i 
	1 	0 	
I 	(5.10) 
i P1,P2 	— Pi 	P2 Pi + P2 ) 
[(E0 - w1 ) + (E20 - w2)_h]1t4t 	'2 P2P1 I 
IfJ" 	1 	J' 
R' = (2J"+1)(2J'+1) 	
(1 	1 1 
+P2) K" — Pi - P2 —K') i P1,P2 	Pi 	P2 Pi 	
(5.11) 
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- 	- 	- w2)_h114i 	'2 J 	P2P1 I 
= (2J"+l)(2J'+l) 	E
(1 	1 2 	(j" 	2 	if 
i P1,P2 \ — Pi 	P2 Pi + P2 ) K" — P1 - P2 —K' 
(5.12) 
[(E 0 - w 1 ) - ' + (E 0 - w2 ) 1 ]M 2 , 2 
E 0 is the energy separation between the ground state and the ith virtual state, 
and w 1 and w 2 are the energies of the two colour photons. P1, P2 are the same as 
denoted above. The transition matrix element Mpi  is 
MP, 1 P2 = ( e1,vj I 11P2 I e, vi) (e,v I pp ,  I eo,vo) 	(5.13) 
R' contributes only to the P, Q and R branches, and the ratio of 	for the 0 
and S branches is always 4/3. In a typical D3h molecule, say CD3 , the one photon 
transition between the two electronic states, the ground state fC 2AF and the first 
Rydberg state B( 2 A)3s corresponds to the parallel type in which LK=O. In the 
present two-colour transition scheme, it is obvious that pi + P2 is restricted by 
AK. In the 1+1' excitation of the CD3 (2 Afl3p Rydberg state, AK = 0 and 
we therefore have Pi + P2= 0 as the propensity rule. Two factors may cause the 
ratio of 
S 
 11 to be a constant of '1.33 for the 0 7  P, R and S branches. When 
4 Pi = P2 = 0, the R' ' term becomes 0 and results in 	= . This corresponds 
to the electronic symmetry of the virtual intermediate states being A'1 in the D3h 
group. The other is that the virtual intermediate states (i) lie much higher than 
the final state (f), the fact that E20 - Eo - w2 results in. When a set 
of virtual intermediate states of E' symmetry in the D3h group play the dominant 
role, we then have Pi = — P2 = 1 and the resultant ratio of a depends on where 
the virtual states are relative to the final state, i. e. Eio - w 1 and E 0 - w2 and the 
(J')  K') levels, e.g. for the R branch 
4 
Si 	3(1 	R(') 	
(5.14) 
where 
- 5 J'(J' + 2) {[(E1 0 - w 1 ) - ( E 0 - w2)']M }2 P1P2  
	
R( 2) - 4 	K 12 	{[(E 0 - w1)' + (E10 - w2']M }2 
P1 P2 
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It is clear that, when K = 0, 	has its minimum value of 0, and when E20 - = S.L
- w 2 (strictly satisfied by one-colour two-photon excitation), its maximum 
value will be 4/3. 
5.2 Application 1 ...... Two-colour Bound-free-
bound Excitation of 12 
The excitation of extended vibrational progressions of the E0 and f0 ion-pair 
states via the B 31I(c) continuum region has been described in the previous chap-
ter. High resolution scans of the f0(v' = 30)*---- X 1 E(v" = 0, Ap ump 489.494 
nm) and E0(v' 106)--- X'I(v" = 0, )'pump=486.095  nm) vibronic bands 
with Aprob e = 339.75 nm and intracavity etalons in both lasers are shown in Fig-
ures 5-1 and 2. The strong peaks are assigned as predominantly the Q branch 
lines. The odd:even J" intensity ratio of 7:5 is due to the nuclear statistics. 
The line positions show a good linear dependence on J(J +1) (standard deviation 
a = 0.34, maximum residual 0.06 cm - ' for the f0 state and a=0.22, maximum 
residual 0.04 cm' for the E0 state). Using the ground state rotational constant 
B=0.03731 cm- ' (v" = 0) of Martin et at. [6], preliminary B values B=0.01911 
cm' for the f0(v' 30) state and B=O.O1463 cm for the EOt(v' = 106) state, 
both with an uncertainty of ±1 x iO cm 1 , were determined. 
Even with two etalons, the three 0, Q and S branches are not completely 
resolved and the underlying 0 and S branches slightly distort the Q branch po-
sitions, so the initially derived B values for the ion-pair states were checked by 
band contour simulation. Since in the excitation scheme, dye fundamentals in 
both lasers were used, the photons were naturally aligned parallel to each other. 
In the simulation, the J-dependent coherent two-photon Hönl-London factors 
given by Bray and Hochstrasser [3] for linearly polarized light were used and the 
ratio relevant to the transition amplitudes of the pump and probe stages varied, 
i 	II '2 Ps =1 2t11p - 	- I 	 (5.16) 
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 il1if + u+t+i ii 12 
	
it	i 1 	_   (5.17) 
The optimum simulated rotational contours are also shown in Figures 5-1 and 
2. The dominant rotational temperature is best determined by the position of 
the maximum of the profile and is 4K and the optimum bandwidth is 0.2 cm'. 
However, it became clear as the temperature in a simple Boltzman distribution of 
J states was varied, that the balance of intensity of high and low J lines could not 
be reproduced. Polanyi and Woodall [7] have found that the rotational relaxation 
rate for molecules after the jet-cooled expansion is smaller for initially high J states 
than for low J states, and this would lead to a non-Boltzman distribution with an 
over-population of high J states. Zalicki et al. [8] have confirmed this suggestion 
by examining the J state distribution of sodium dimer in a supersonic nozzle-
cooled expansion. Their rotationally resolved laser induced fluorescence spectrum 
of sodium dimer was modeled with what is effectively a two temperature Boltzman 
distribution. Our simulations for the recorded rotational contours of f0 and E0 
in Figures 5-1 and 2 were obtained with a thermal distribution function implicitly 
expressing a two-temperature Boltzman distribution 
P(J) x (2J + 1)exp[—BJ(J + 1)/kT] + exp[(-0.0125 - B/kT)J(J + 1)] (5.18) 
with T=4 K. In Figure 5-2, additional weak lines from the EOt(v' = 106) hot 
band (v" = 1) above Awl, 7 cm-1 are also revealed. In the simulation, the 
calculated rotational stick spectrum was convoluted with the Gaussian function of 
an effective 0.2 cm' bandwidth to give the simulated rotational contour. Judging 
from the eventual bandwidth in the rotational simulation, which is still larger than 
the sum of the two individual laser bandwidths, there is probably a small degree 
of power broadening in addition to the Doppler broadening. 
In the rotational simulation, the fit is not very sensitive to , but the optimum 
value was clearly between 5 and 6. This value implies the dominant use of a 
parallel transition in the first step. For two purely parallel transitions without 
any interference due to perpendicular virtual contribution, the squared transition 
dipole ratiowould be 4, leading to the O:Q:S branch intensity ratio of 1:4:1 in 
the high J limit. For two purely perpendicular transitions, the squared transition 
CHAPTER 5. TWO-PHOTON HONL-LONDON FACTORS 	 97 










0.0 	 5.0 	 10.0 	15.0 	20.0 	25.0 
red shift / cm- ' 
Figure 5-1: Simulated and observed rotational contours of the two-photon tran-
sition fO(v'=3O)-4--- X 1 (0=0) in jet-cooled 1 2. 
(a) Experimental band contour, (b) simulated contour with B'=0.03731 cm -1 
and B,=0.01911 cm 1 , (c) stick spectrum before convoluting with a Gaussian 
function, showing relative contributions from O,Q and S branches in order of 
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Figure 5-2: Simulated and observed rotational contours for the two-photon 
transition EO(v'=1O6) -- X>(v"=O) in jet-cooled 1 2. 
(a) Experimental band contour, (b) simulation with B,=0.01463 cm 1 , (c) the 
relative contributions of the 0, Q and S branches as in Figure 5-1. 
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dipole ratio 	would be unity, leading to the O:Q:S branch ratio of 1:14:1 in the 
large J limit. The present rotational analysis shows that the 13"ll 1 continuum 
state is hardly contributing at the second stage in accessing two 0 ion-pair states, 
even though this continuum state equally shares the oscillator strength with the 
B 3 11 Ou continuum region in one-photon absorption. 
It is worth noting that the comparison between the theoretical simulations and 
the experimental observations of the two-photon rotational band contours seems 
better than that of the 1+1' vibronic spectra. This is due to the uniform ionization 
efficiency of the low molecular rotational levels over the small range of scanned 
pump wavelength. 
5.3 Application 2 ...... Two-colour Bound-free-
bound Excitation of C12 
The illustration from the simulation of the 0 ion-pair state spectra of 12  clearly 
indicates the validity of using closure over the continuum resonant intermediate 
(J2 , M) states to reproduce the recorded rotational band contours under parallel 
polarization of pump and probe photons in the 1+1' bound-free-bound excitation 
pathway. In similar studies of C1 2 , we exploited in greater detail the parallel and 
perpendicular polarization effects in exciting both and 1 ion-pair states. 
5.3.1 The O Ion-pair States 
The top panel of Figure 5-3 shows a typical O ion-pair state rotational band 
contour, the (47,0) band of the E0 state progression, which was recorded with 
parallel (a) and perpendicular (b) polarizations and intracavity etalons in both dye 
lasers. The observed linewidths (0.2 cm') are larger than expected from the two 
laser bandwidths (each 0.04 cm'), most probably because of power broadening 
in addition to Doppler broadening. The observed rotational band contours under 
both polarizations can be reasonably well simulated by using the established Hönl- 
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London factors as shown in the middle panel of Figure 5-3. The calculated stick 
spectrum in the lower panel indicates the relative contributions of the 0, Q and 
S branches. It is worth noting that in the simulation of this vibronic band, a 
pure 0,+, (B3ll) continuum intermediate state has been assumed. Had a pure 1, 
(A'II, u or C'll 1 ) continuum intermediate contributed to this bound-free-bound 
route to E0(47,0), the simulated spectrum w6uld have been as shown in Figure 
5-4. It can be seen from Figure 5-4 that the ratio of the Q branch to the 0 and S 
branches is much larger than that in Figure 5-3. The fact that the simulations in 
Figures 5-3 and 4 are so different and that those in Figure 5-3 clearly reproduce 
the experimental spectra so well points to the 0 state as the dominant resonant 
intermediate. There is some other evidence for this argument; previous studies 
have shown that there is a strong trend of AQ = 0 for valence to ion-pair state 
transitions in the halogens. The pump wavelength used here ('-'418.7 nm) only 
gives access to the B 3H U continuum region and the purely repulsive C'll 11 state 
[9], and hence the B 3ll U state might be expected to be the dominant intermediate. 
A similar experiment was also performed for the f0(61,0) vibronic band. The 
observed spectrum, as well as its simulated rotational band contour under parallel 
and perpendicular polarizations is shown in Figure 5-5. Again, the simulation 
shows that the 0 (B 3H) state is the resonant continuum intermediate state even 
when the pump wavelength was 374.7 nm, a wavelength at which the absorption 
to the C 1 11 1 state is approximately 10 times more intense than that to the B 3 11 U 
state [9]. 
5.3.2 The 'g  Ion-pair States 
The /31(65,0) ion-pair state band contour (Figure 5-6) was recorded with parallel 
and perpendicular orientations of the pump and probe planes of polarization (up-
per panel) and simulated (lower panel) using the (corrected) Hönl-London factors 
given by Bray and Hochstrasser [3] and in Table 5-1. In the simulation, it was 
found that the required ratio was 1=1±0.1, i.e. that the two-photon process 
was dominated by a single intermediate state. However, whether the pump step 
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Figure 5-3: The rotational contour of the E0 state (47,0) band of jet-cooled 
35 C12 recorded with parallel and perpendicular polarizations. 
The top panel shows the experimental spectrum under parallel (a) and perpendic-
ular (b) polarizations, the middle panel shows the corresponding simulated band 
contour where a dominant 0 resonant intermediate is assumed with B=0.0884 
cm 1 , and the lower panel shows the stick spectrum from which the simulations 
are generated. 
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Figure 5-4: Simulated rotational contours of the E0 state (47,0) band of 
jet-cooled 35 C12 with parallel and perpendicular polarizations. 
A dominant l resonant intermediate is assumed. 
a, 
C-, 
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Figure 5-5: The rotational contour of the f0 state (61,0) band of jet-cooled 
35 C12 recorded with parallel and perpendicular polarizations. 
The top panel shows the experimental spectrum under parallel and perpendicular 
polarizations, the middle panel shows the corresponding simulated band contour 
where a dominant 0 resonant intermediate is assumed with B'=0.0773 cm 1 , and 
the lower panel shows the stick spectrum from which simulations are generated. 
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was a parallel or a perpendicular transition cannot be deduced from these obser-
vations alone. In the excitation scheme used here, there is essentially no residual 
C'll1 —X'E, B3HOU 4—X 1 or A3 ll1 —X'E absorption at )tprobe=229.7 nm, 
so we can neglect the interference due to the alternative roles played by the pump 
and probe photons. 
In an I=1 state, the A-doubling (Appendix B) effect produces e and f sub-
states, the former exhibiting only O,Q and S branches in a two-photon transition 
and the latter only P and R branches. For the case of a weak heterogeneous 
perturbation by a state which itself has a negligible two-photon absorption cross 
section from the ground state, the relevant Hönl-London factors for the e and f 
sub-bands are then those given in Table 5-1. The above /31(65,0) level is relatively 
free from this sort of perturbation. 
In the G'1 9 ion-pair state, the splitting between e and f sub-bands is very 
small in the lower vibrational levels but was measured by Ishiwata et al. [10] and 
attributed to an interaction with an 11 = 0+ gerade ion-pair state in the second 
tier having a Te value 70,300 cm- '. We found in our observation that the f-
sublevels are unperturbed, characteristic of perturbation by an 11=0 state, and the 
e term values were given by 
T = TJ + qJ(J + 1) 	 (5.19) 
Rotational contours of v'=19, 23, 25 7  28, 32 of the G'1 9 state were recorded. 
Of these bands, we found some with an unresolvably small splitting (qv < iO 
cm') and some with a q,, value two orders of magnitude greater than the largest 
value ( iO cm') reported in ref. [10]. The levels with the largest qv  values 
that could be determined were v' = 23 and 28, while we were unable to model the 
branch structure of v' = 25 with the unperturbed Hönl-London factors. Successive 
vibrational levels of the C'1 9 state are apparently moving in and then out of near 
resonance with vibrational levels of the hidden perturbing state. The analysis of 
the G'1 9 (32,0) band, which has a relatively small q,., value of 1 x iO CM-1  is 
shown in Figure 5-7 using the Hönl-London factors of the sequential two-photon 
formula, Equation 5.1. For comparison, in Figure 5-8, the same band is simulated 
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Figure 5-6: The rotational contours of the 31 state (65,0) band of 35 C12 . 
The top panel shows the experimental spectrum recorded under parallel (upper 
trace) and perpendicular (lower trace) polarizations, and the lower panel shows 
the simulation using the Hönl-London factors for a coherent two-photon process 
with B = 0.0791 cm' 
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using the Hönl-London factors in Table 5-1. The results once again point to 
the coherent formulation used in Figure 5-8 as the correct one. In Figure 5-9, 
we show the analysis of a band with large elf splitting, G'1 9 (23,0) for which 
q = 4 x 10 -3 was needed. The e-sublevels exhibit only 0, Q and S branches as 
expected. From all the simulations, we also found that 4"=1±0.1 indicating a 
single intermediate state is involved in the two-photon process of exciting G'1 9 . 
The vibronic structural information has indicated that the C 1 11 1 ,, repulsive state 
is the dominant single intermediate to the G'1 9 observed vibronic levels when 
A probe 212.64 nm as described in the previous chapter. 
In all simulations of the recorded 0 and 1 ion-pair states rotational band 
contours, a two-temperature Boltzman distribution is assumed for the ground 
state (v" = 0) rotational levels and is given by 
P(J") = gj" (2J" + 1){exp[—B"J(J + 1)/kT1 ] + Qexp[—B"J(J+ 1)/kT2 } ( 5.20) 
where gjii gives the correct nuclear statistical weighting of 3:5 for even:odd J and 
the optimised T1 2 K, T2 21 K and Q 5. 
5.4 Application 3 ...... Two-colour Two-photon 
Excitation of the (2 A'2')3p and 4Pz  Rydberg 
states of the Methyl Radical 
CD3 belonging to the D3h point group has 6 vibrational modes (3N-6), two of 
which, the antisymmetric stretching, 113, and the out-of-plane bending, 112, are 
relevant to the present studies. 
Laser photolysis of methyl iodide and bromide in the UV region (214'270 nm) 
has been studied extensively [11]. Most of the previous research was restricted to 
the mechanism of laser photolysis of these two typical alkyl halides. Using a pump 
(photolysis)-probe scheme, coherent one-colour (probe) 2+1 REMPI spectroscopy 
has been used to reveal the structure of the Rydberg states of the methyl radical 
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Figure 5-7: The rotational contour of the G'l g state (32,0) band of jet-cooled 
35 C12 recorded with perpendicular polarization. 
(a) experimental, (b) simulation and (c) stick spectrum using B = 0.10550cm'. 
The linestrengths of the rotational branches are calculated assuming well-defined 
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Figure 5-8: The rotational contour of the G'1 2 state (32,0) band of jet-cooled 
35 C1 2 recorded with perpendicular polarization. 
(a) experimental, (b) simulation and (c) stick spectrum using B = 0.100550 cm 1 , 
q = 1 x iO cm -1 . Closure over intermediate (J2 , M) rotational states is used 
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Figure 5-9: The rotational contour of the G'1 9 state (23,0) band of jet-cooled 
35 C12 recorded with perpendicular polarization. 
(a) experimental, (b) simulation and (c) stick spectrum using B=0.10005 cm 1 , 
q = 4 x iO CM-1. 
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and also the anisotropic behaviour of the unimolecular dissociation processes of 
the repulsive states of the methyl halides along the dissociative C-X coordinate. 
The products of this one-photon dissociation process are exclusively in the ground 
state 2A  of the methyl radical and XI or Br, 2 P31 2 and 2 P 1 1 2 ). 
The first observation of the methyl radical spectrum was made by Herzberg 
[12]. The UV and VUV photographic absorption spectrum of methyl radicals pro-
duced after flash photolysis of a precursor, e. g. Hg(CH(D) 3), revealed several 
Rydberg series denoted as 3, -y  and S. The 131 (B( 2 A)3s) state ('-i  215 nm) shows 
an interesting trend of 11(D)-tunneling predissociation where as the number of deu-
terium atoms increase, the spectrum becomes less diffuse. Herzberg determined 
the geometry of these Rydberg states to be planar on the basis of their observed 
rotational structures. The (2A)3s  state was then reinvestigated by multiphoton 
ionization, and the lifetimes of the electronic origins, based on spectral simula-
tion, were determined to be 0.12 and 1.2 ps for CH 3 and CD 3 , respectively [13]. 
The most recent resonance Raman scattering studies gave rise to more accurate 
determinations of the lifetimes of different rovibronic levels of the E(2A  )3s state 
[14, 15]. The lifetimes of the electronic origins of CH 3 and CD3 from this method 
are generally half of those from the former. Compared with the latest theoretical 
value, 2417 cm 1 , the D-tunneling barrier based on a cubic potential of CD 3 was 
determined to be around 2200 cm - 1 in the resonance Raman scattering experiment 
[14,16]. 
The first systematic REMPI spectroscopic study of the methyl radical was re-
ported by Hudgens et al. [17]. In their 2+1 REMPI experiment, several np, nf 
Rydberg states corresponding to A'2' and E' symmetries in the D3h group were ob-
served and identified by both rotational contour simulation and linear-circular po-
larization data. The vibrational progressions of these Rydberg states are assigned 
mainly to the out-of-plane mode, v2 , and only restricted to even number changes 
due to its A'2' symmetric property. One of these Rydberg states, the ( 2 A)3p, was 
then studied in greater detail by Parker et al. [18]. More vibrational transitions 
involving both hot and cold bands were observed and rotational analyses gave rise 
to rotational constants of several vibrational levels of the 1/2 mode. Their further 
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calculation also gave some Franck-Condon factors of the v' - v" transitions of the 
v2 mode. Black and Powis [19] have also presented an investigation of the ( 2 A)4p 
Rydberg state using 2+1 REMPI. The predissociative behaviour of its electronic 
origin was revealed there by simulating the well resolved rotational contour. 
The present research shows how a two-colour excitation scheme can be applied 
to access the ( 2 A')3p and 4Pz  Rydberg states of CD 3 . Two aspects of the exper-
iments will be interpreted. One is the 1+1' excitation of the (2  A "Rydberg 
state via a nonresonant route under parallel and perpendicular polarizations of the 
two-colour lasers, and the other the optical-optical double resonance excitation of 
the ( 2 A)4p Rydberg state via the resonant B( 2 A)3s Rydberg state. 
5.4.1 Two-colour Nonresonant Excitation of the ( 2Afl3p 
Rydberg State 
Figure 5-10 (upper panel) shows the 1+1' nonresonant excitation spectrum of the 
( 2 A'2')3p Rydberg state O vibronic band of CD 3 generated by laser photolysis of 
CD3 I using a photon of 260 nm. Photodissociation of CD 3 I at this one-photon 
absorption level dominantly follows the C-I coordinante of the 3Qo  state potential 
energy surface. The orientation of polarization of the photolysis photon was set 
parallel to the other counterpropagating visible photon which was scanned around 
461-470 nm for the rotational contour. The band origin of the og transition has 
been determined to be 59,886 cm' by Parker et al. [18] and our value agrees 
reasonably well with theirs. No further resolution of K-structure of individual 
peaks of the 0, P, R and S branches could be achieved even though etalons were 
put in the dye laser cavities. This is similar to the observation of the ( 2 A)4p 
Rydberg state made by Black and Powis [19] and is believed to be due to the 
intrinsic predissociation character of these Rydberg states. 
The lower panel of Figure 5-10 shows the simulation of the observed 0 0 band 
An energy expression is used 
v = vo+B'N'(N'+1)—B"N"(N"+1)+CK2 —DN' 2 (N'+1)2 +D7N"2 (N"+1)2 
(5.21) 
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where v0 is the electronic vibrational transition energy, B", B', C" and C' are 
rotational constants for the ground and excited states. AC = (C'- B') - (C" - B") 
and D and D are the centrifugal distortion constants of the ground and excited 
states. The rotational constants of the ( 2A')3p og b and have been fully obtained 
by Parker et al. [18]. Direct application of their rotational constants gave rise 
to the simulated line positions of individual J structure, agreeing well with the 
present observation. In the simulation a bandwidth of 2.2 cm- ' was used and 
the rotational temperature is 180 K. The rotational constants of the ground 
state X 2 A'2'(v"(v2) = 0) and ( 2 A')3p(v'(v 2 ) = 0) are listed in Table 5-2 [18,20]. 
Similar to the predissociation correction considered by Black and Powis [19] for 
the ( 2 A)4p 0 band, we also imposed a correction formula, i.e. 




where f = N(N + 1) -K  2.  v coming from partly sampling a Lorentzian pro-
file of an individual (N,K) state whose predissociation bandwidth is a, is the 
predissociation correction factor to the rotational line intensities. This correction 
corresponds to a heterogeneous predissociation of the Rydberg vibronic level. f 
shows the heterogeneous predissociation character, and s is the proportionality fac-
tor which characterizes the strength of predissociation. The optimum values of s 
and a in the simulation are 0.03 and 0.4 cm - ' respectively. In this two-colour non-
resonant excitation, for the parallel orientation of polarization, the Hönl-London 
factors are equivalent to the case of identical two-photon nonresonant excitation. 
This has been proved in the present simulation. The exact Hönl-London factors 
deduced by Bray and Hochstrasser [3], Chen and Yueng [5] have been used and 
the optimum simulation with the above parameters well reproduces the observed 
band contour as can be seen from Figure 5-10. 
Figure 5-11 shows the 1+1' spectra of the 3Pz og band recorded under parallel 
(a) and perpendicular (b) polarization conditions. The general ratio of the two 
spectra has not been accurately determined. However, we can reach the conclusion 
that all the individual peaks in the spectra decrease by the same amount when the 
polarization was changed from parallel to perpendicular. From the simulation in 
Figure 5-10, we can see that some of the 0, P, R and S branches are not congested 
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Figure 5-10: The rotational contour of the ( 2A')3p0 vibronic band of CD 3 
with parallel polarization orientation of the UV (260 nm) and visible (' 474.4 
nm) photons. 
The upper panel shows the observed band contour and the lower panel, the simu-
lated band contour. 
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Figure 5-11: The rotational band contours of ( 2 Afl3pO vibronic band of CD 3 
under parallel (a) and perpendicular (b) polarizations. 
The UV photon was set at 260 nm and the visible photon was scanned around 
474.4 nm. 
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with each other. This point is also seen in the perpendicular polarization spectrum 
(Figure 5-11(b)). A test calculation with all the same 1L  value for the 0, P, R 
and S rotational branches well reproduces this spectrum. No obvious (N', K') 
dependence is required in I . Several arguments can be raised to interpret this 
result as discussed in the theoretical section, 5.1.3. We cannot discriminate which 
one is the most proper due to the lack of information on electronic correlations of all 
electronic states involved in this nonresonant transition route. In the following, we 
will show that the E( 2A) Rydberg state, which lies below the ( 2A)3p Rydberg 
state, can be a good resonant intermediate state when the ( 2A)4p Rydberg state 
is excited in a 1+1' resonant excitation pathway. This may indicate that the 
dominant virtual intermediate states involved in the present nonresonant 1+1' 
excitation scheme be of A'1 symmetry. A similar discussion of this polarization 
effect has been given by Baker and Couris in the 1+1' excitation of some Rydberg 
states of CS 2 [21]. 
5.4.2 Two-colour Resonant Excitation of the ( 2A'2')4p Ry- 
dberg State via the B( 2Aç)3s Rydberg State 
In this experiment, methyl bromide was photolyzed by a 215 nm photon in order 
that the same colour could excite a resonant vibronic level of the B( 2A)3s Rydberg 
state from the ground state, X 2A" of CD3 . A second counterpropagating photon 
then excited the desired vibronic level of the ( 2A')4p Rydberg state from the 
resonant intermediate vibronic level. Firstly, we will look at all possible transition 
routes relevant to this two-photon excitation scheme. 
Since the one-photon transition of B( 2A)3s —X 2A'2' is restricted by the vi-
bronic selection rule of /v(v 2 ) = 0, ±2, we have only v i (v2 ) = 0, 2 allowed from 
v"(zi 2 ) = 0. On the other hand, since CD3 is produced from laser photolysis of 
CD3Br, an appreciable amount of hot band population may exist, i.e. starting 
from v"(v 2 ) = 1 or 3 we can reach B( 2A)3s (v(v2 ) = 1) in a one-photon tran-
sition. Some of these possible transition routes have been observed by Callear 
and Metcalfe in their one-photon absorption experiments of CD3 [22]. From the 
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Vibronic level(v2 ) B/cm' C/cm 1 Div x iO /CM - 1 
v" = 0a 4.80198 2.40099 1.927 
V" 
= 3a 4.51 2.47 0.064 
= 0(3p, )b 4.76 2.38 2.84 
V'= 1(4p,  )b 5.23 2.83 2.0 
Table 5-2: Rotational constants of the ground X 2  A" and excited ( 2 A'2')3p and 
4Pz states of CD 3 . 
a ref. [20];1'ref. [18]. 
E( 2A)+- k 2 A absorption band positions and the infrared spectra of the ground 
state 2Al  [20,22], the v2 mode vibrational spacings of the ground state k 2  A" 
and the B( 2  A') Rydberg state are determined to be approximately 460 and 1090 
cm' respectively. These values will be used in the following consideration of the 
1+1' resonant excitation routes to the ( 2 Afl4p Rydberg state via two of the v2 
vibronic levels (v=0 and 1) of the B( 2A) state. The non-radiative lifetimes of 
various rotational levels of B( 2 A)3s(v 2 (v2 ) = 0, 1) of CD 3 have been determined 
by Westre et al. [14, 15]. For v 1 (v2 )=0, the lifetimes range between 350-.s750 fs 
while for v i (v2 )=l, they lie between 250 and 350 fs. This shows a strong coupling 
between the strongly tunnelled zero point motion of the antisymmetric mode, L/3 
and the different vibronic levels of the out-of-plane mode, v 2 . It is worth noting 
that the magnitude of these lifetimes is comparable to a vibrational or rotational 
period but still much smaller than the pulse durations of the dye lasers (e.i  10 ns) 
used in the present experiment. The transition has the same 
vibronic selection rules as that of B( 2A)3sf- X2AF,  e.g. v(v2) = 0, 2 -v 2 (v2 ) = 0 
and v'(v2 ) = 1,3 4-v(v2) = 1. 
Figure 5-12 shows the observed two-colour (1+1'+l) REMPI spectrum with 
the polarizations of the UV and visible photons oriented parallel to each other. In 
Figure 5-12 (a), the pump photon was set at 215.05 nm and lies inside the Franck-
Condon window of the B( 2 A)3s(v(v 2 ) = 0)+- J(2Al2F(vil(v2) = 0) but outside those 
of the f3 ( 2 A)3 s ( vt ( v2 ) = 1) - 2AF(v(v2) = 3) and ( 2 AIF)3 s ( v (v ) 
2A( v F(v2 ) = 1) transitions. A strong vibronic band of ( 2A)4p og can 	b e seen 
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in contrast to the relatively weak vibronic band of ( 2A')4p 2 2. In Figure 5-12(b), 
another effect can be observed; the pump photon was set at 216.46 nm and lies out-
side the Franck-Condon window of the B( 2 A)3s(v 1 (i'2 ) = O)— X 2 A'(v"(v 2 ) 0) 
and B( 2 A')3s(v(v 2 ) = 1)— X 2 A'(v"(v 2 ) = 1) transitions but inside that of the 
E(2 A'1 3s(v 1 (v2 ) = 1)— 52AI(v'I(v2) = 3). Here, a clear enhancement of the 
( 2 A'2')4p 2 1 vibronic band is seen. Figure 5-13 shows a schematic diagram of the 
above two resonant excitation routes to the respective og and 2 vibronic bands of 
( 2 A'2')4p. It ought to be noted that such relative enhancements are not due to the 
laser power curve of the scanned visible photon. The ratio of the Franck-Condon 
factors of O and 2 of ( 2 A')3p excited in the two-photon nonresonant scheme has 
been calculated to be 6 [18], which may also be applied to the present consid-
eration for ( 2 Afl4p. There are two important factors that determine the relative 
intensities of vibronic bands belonging to the same electronic state; the thermal 
population and the Franck-Condon factor. Were both vibronic bands in Figure 5-
12(a) excited via the nonresonant excitation route or were the ( 2 A)3s(v 1 (zi2 ) = 0) 
state not acting as an intermediate state in favour of ( 2 A)4p(v'(u 2 ) = 0), the 
observed phenomenon that the ( 2 A'2')4pOg band is stronger than 2 would be rea-
sonably explainable. However, when the pump (photolysis) photon was tuned to 
216.45 nm (Figure 5-12(b)), the ( 2 Afl4p 2 band was greatly enhanced relative 
to the O band. This cannot be explained by the Franck-Condon factors which do 
not change. Furthermore, it seems unlikely that, changing the wavelength of the 
photolysis photon by "mm, any resultant change in the thermal population will 
be large enough to induce the observed enhancement of the ( 2A')4p2 vibronic 
band in Figure 5-12(b). As a consequence, we believe that the enhancement must 
be induced by a resonant effect via the ( 2A)3s(v 2 (zi2 ) = 1) state. The same ar-
gument, at least in part should also be appropriate for the ( 2 A'21)4p0 band in 
Figure 5-12(a). It is therefore concluded that the B( 2  A ' ) Rydberg state can be 
a good resonant intermediate state to the ( 2Afl4p Rydberg state, which should 
be very close to the ( 2 Afl3p Rydberg state in electronic character, in the 1+1' 
excitation pathway. 
One more point should be considered. The first ionization potential of CD3 
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Figure 5-12: Two-photon excitation of the ( 2A')4p O and 2 vibronic bands 
of CD 3 . 
(a) )'pump215.05  nm; (b) )tprobe216.45  nm. The arrows indicate peaks that are 
partly due to the 1+1' signal of CD3Br. 
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Figure 5-13: A schematic diagram showing the three electronic states, 'k2  A" 
E( 2A)3s  and ( 2 A'2')4p of CD3 . 
The solid line indicates the resonant excitation of the ( 2Afl4p O vibronic band 
via j3 (2A) 3s(v(zi2) = 0), and the dashed line the (2A)4p 2 vibronic band via 
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Figure 5-14: The rotational contour of the ( 2 A')4p2 vibronic band of CD 3 
with parallel polarization orientation of the pump (216.45 nm) and probe ('.'430 
nm) photons. 
The upper panel (a) shows the observed band contour and the lower panel (b), the 
simulated band contour based on the nonresonant excitation Hönl-London factors 
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has been reported by Herzberg to be 79,315 cm' [12]. Clearly, the visible photon 
(r 430 nm) in our experiment readily ionized the vibronic bands of ( 2 A')4p to 
the ionization continuum and no further consideration of vibronic structure at the 
ionization stage is necessary. 
Figure 5-14(a) shows an expanded spectrum of the ( 2 Afl4p 2 vibronic band 
in Figure 5-12(b). Since there are both nonresonant and resonant transitions 
contributing to the excitation of this vibronic band, the Hönl-London factors are 
much more complicated than the purely nonresonant as discussed above. We 
know that the ( 2 A)4p 2 band is accessible with the pump photon set at either 
215.05 nm (nonresonant) or 216.45 nm (resonant+nonresonant). The relative 
contributions of nonresonant and resonant transitions are not easy to determine 
and prevents any further simulation of this vibronic band contour. However, since 
the resonant enhancement is much stronger than the nonresonant contribution, it 
should be more reasonable to use the Hinl-London factors of an optical-optical 
double resonance excitation scheme. As we know that the rotational levels of the 
intermediate ( 2A)3s(v(v2) = 1) state have lifetimes ('200 fs) shorter than their 
rotational periods, some of the rotational levels may be coherently excited in this 
OODR scheme. The precise Hönl-London factors of this process must lie between 
the OODR and nonresonant coherent limits. Figure 5-14(b) shows a simulation 
based on the nonresonant coherent Hönl-London factors. A further consideration 
of the precise Hönl-London factors and the relative resonant and nonresonant 
contributions is not attempted here because there is no information about the 
predissociation behaviour, the exact rovibronic constants and the vibronic origin of 
( 2 A'1 )3s(v 1 (u2 ) = 1), even though some of these have been determined in resonance 
Raman scattering studies [14, 15]. The rotational temperature is estimated to be 
100 K. The rotational constants of X 2 A'2'(v"(v2) = 3) and ( 2 Afl4p(v'(v 2 ) = 1) 
are also listed in Table 5-2 [18,20]. 
The most appropriate description of the ( 2A) 3s potential energy surface rele-
vant to the antisymmetric stretching and the out-of-plane vibronic motion should 
be in a three-dimensional space, the potential energy vs. the C-D internuclear sep-
aration and the out-of-plane angle. The zero-point motion of the antisymmetric 
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stretching mode must strongly couple to at least two vibronic levels (v1 = 0 and 
1) of the out-of-plane mode, v 2 . The fact that the lifetimes of the ( 2 A) 3s v i = 0 
and 1 states, determined from resonance Raman scattering studies, are shorter 
than their rotational periods confirms this argument. In the out-of-plane bending 
vibronic space, we have a very extensive vibronic progression for all the electronic 
states and the excitation of the ( 2A')4 2 vibronic band in Figure 12(b) is es- 2 	3 
sentially due to the optical-optical double resonance via the resonant intermediate 
state ( 2 A) 3s v(v 2 ) = 1. If the Rydberg orbitals of CD 3 all have weakly bond-
ing or non-bonding character, the geometry of the Rydberg states should be very 
close to that of CD which has been confirmed to be planar in zero-kinetic-energy 
(ZEKE) photoelectron studies [23]. If this is the case for the ( 2 A)3s and ( 2 A'')4p 
states, the probe transitions of ( 2 A')4p 2 v'(v 2 ) = — 0 ( 2 A) 3s v i ( v2) = 0 in Figure 
5-12(a) and (2A')4p VI(V2) = 1— ( 2A) 3s v(v 2 ) = 1 in Figure 5-12(b) should 
be vertical in the sense of the Franck-Condon overlap. How the coupling between 
the antisymmetric stretching and out-of-plane bending vibronic modes of ( 2A) 3s 
would change the geometry of this intermediate state cannot be deduced from our 
present observation alone. 
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Chapter 6 
Rydberg/IP State Vibronic Coupling in 
'2 
All diatomic molecular Rydberg states that converge on the ground electronic 
state of the molecular ion are crossed by the steeply rising inner walls of both 
repulsive valence states, and to some extent, by any electronically excited valence 
state that has a larger Re than the molecular ion. This is a direct consequence of 
the higher occupancy of anti-bonding orbitals in the excited valence states and the 
essentially non-bonding character of Rydberg orbitals. In the halogens [1, 2], all 
the deeply bound excited valence states are of ion-pair character correlating with 
the X++Y dissociation limits and as a consequence of their large R values, their 
inner walls cross the stack of Rydberg states based on the ground state molecular 
ion, either on the attractive branch of the latter or close to their potential minima. 
Crossing between Rydberg and valence states of the same parity, if certain re-
strictions on the interacting electronic configurations are satisfied, results in major 
perturbations. Among the spectroscopic consequences are; direct predissociation 
resulting in markedly non-Franck-Condon behaviour in the REMPI spectrum; the 
formation of double minima and shelf states; dips in fluorescence excitation spec-
tra from ion-pair states due to indirect predissociation; extensive vibronic coupling 
resulting in intensity borrowing and rotational band contours that change rapidly 
with v'. Above the ionic dissociation threshold, the production of free atomic 
anion/cation pairs by initially pumping high Rydberg doorway states has been 
widely observed in diatomics [3,4]. 
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Two cases can be distinguished in the REMPI spectroscopy of vibronically 
mixed states of the halogens. Either both the ion-pair and Rydberg states carry 
some oscillator strength in the excitation step or, alternatively, only one of the 
two electronic states is directly accessed. An example of the former is the inter-
action of the RO Rydberg state with the FO ion-pair state in 12. In a study 
by by et al. [5], both states were accessed by two-photons from the B 3 11 state 
with mutual homogeneous perturbation at each near resonance between (v,J') 
and (v ' ,J') rovibronic levels. Extensive s and d Rydberg series in the region 
48,000r.., 75,300 cm' have been studied by Donovan et al. [6] using 2+1 REMPI 
spectroscopy at room temperature. An improved version of this study using a 
molecular beam in conjunction with a time-of-flight mass spectrometer revealed 
one example of Rydberg/ion-pair coupling; that between [2  113/ 2] 5d;29 and D'29 [7]. 
In this Chapter, the [ 2 113/2]7s;1 g /019 Rydberg/ion-pair coupling is described also 
using REMPI in a molecular beam. Both examples show that only the Rydberg 
state is strongly accessed from the ground state and the ion-pair state vibronic 
levels appear as satellites around each Rydberg v' level from which they have bor-
rowed intensity. In the halogens, the intersection of the lower Rydberg and ion-pair 
states is either on the attractive branch of the Rydberg state potential or, as is 
the present case, close to Re. The perturbed state then lies in the Franck-Condon 
window for excitation from the ground state. 
The study described in this Chapter was carried out in order to establish the 
magnitude of the coupling matrix element between the Rydberg and ion-pair states 
in a situation where the interacting diabatic potential curves have not previously 
been fully defined. By comparing the strengths of various other interactions of 
this type, including cases where we have found no apparent perturbation at curve 
crossings, some conclusions can be drawn about the electronic configurations de-
termining the strength of Rydberg/ion-pair interactions. 
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6.1 Experimental 
Ions were created by focusing the dye laser output into the molecular beam com-
prising 0.3 Torr of 12 in 500 Torr of He with a 5 cm focal length lens. Fre-
quency doubled Rhodamine 101 covered the range 316-.-310 nm (two-photon en-
ergy 63,25064,400 cm'). The fundamental dye laser wavelength range was cal-
ibrated from the '2 B3 11 ~-X'E fluorescence excitation spectrum. All spectra, 
recorded in the 1+  and I channels, were normalised to the square of the laser 
power. 
6.2 Results 
The room temperature 2+1 REMPI of 12  in the energy range 48,00075,000 cm - 1 
[6], is dominated by Rydberg transitions. One perturbed progression at 58,580 
cm- 1  was assigned to a [211312]5d  state with an unknown Il value. The analysis 
of this perturbed system revealed that the D'2 9 ion-pair state is the perturb-
ing partner and the homogeneous nature of the interaction leads to the assign-
ment of 11=2 for the perturbed [2 113/2] 5d Rydberg state. The simulation of the 
[2 11312]5d ; 29 /D/2g  vibronic coupling has been described elsewhere [7]. 
The mass-resolved 2+1 REMPI spectrum of jet-cooled 12  between 62,500 and 
64,200 cm 1 , shown in Figure 6-1, has been described briefly by Cockett et at. [8]. 
Two overlapping progressions [211312]7s;1g  and [2 113/ 2] 7s;29 , with origins at 62,639 
and 63,332 cm' respectively, are observed. The contrast between the [2 113/2] 7s;1 
and [2 113/2]7s;29 spectra is striking. The latter shows a regular vibrational pro-
gression of sharp lines slightly blue degraded with two very weak sequence bands 
to the blue. In the [2 113,2 ] 7s;19 progression, each Rydberg vibronic band is as-
sociated with a series of closely spaced ion-pair vibrational bands. The spacings 
between these bands indicate that they belong to a first tier ion-pair state and the 
homogenous nature of the coupling further labels the state as 01
.
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Figure 6-1: 2+1 REMPI spectrum of jet-cooled 12  in the energy range 
62,500"-64,000 cm -1 in the ft channel (lower trace) and in the I channel (upper 
trace). 
Only Rydberg levels are seen in the I spectrum, but both Rydberg and ion-
pair states appear in the 1+  channel. The [2 11 3 , 2] 7s;29 progression, which appears 
strongly in the I channel and weakly in the ft channel, is devoid of ion-pair 
satellites in both channels. 
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band head positions are listed in Table 6-1. The vibronic coupling, judged from 
the extent of the local ion-pair structure around each Rydberg vibronic level po-
sition is relatively weak for v'=O and strong for v' > 1. This indicates that the 
crossing between ion-pair and Rydberg diabatic potentials occurs between v' = 0 
and v' = 1. 
The second difference between the [ 2 113/2]7s;1g and [2113/2]7s;29  REMPI spec-
tra is that the former is essentially composed of 1 with perhaps 1% of the molec-
ular ion whereas the [ 2 113/ 2] 7s;29 state, under the same fluence conditions, gives 
80% It.  It is significant that the vibronically coupled [ 2 113/2]7s;1g gives almost 
no I on ionization in spite of their mixed parentage. The line labelled as the 
origin of the {2113,2]7s;1 g has relatively little satellite structure and is thus ap-
parently of largely Rydberg character, but gives only 1+  under a range of fluence 
conditions. The most obvious interpretation in line with the behaviour of the 
{2 113/2]5d ; 2g /D2g  coupling pair [7], seems to be that the ion-pair partner is much 
more efficiently ionized than the [ 2 113/ 2] 7s; 1 Rydberg state to which it is coupled. 
The reason why the whole [ 2 113,2]7s;1 9  REMPI spectrum is not correspondingly 
stronger than the purely Rydberg [ 2 113/ 2] 7s;2 vibronic progression might be that 
the vibrational levels of the former are fairly strongly predissociated. The relative 
intensities of the members within each vibronic progression are also somewhat 
different. The [ 2 113/2] 7s;29 vibronic progression peaks at v'=d in a typical Franck-
Condon envelope as observed for the [ 2 11 1 / 2]6s;1 g (Dalby) Rydberg system [9], but 
the [2 113/2]7s;1 9 vibronic progression, which should peak even more strongly at 
v'=l because of the increased ion-pair mixing at this level, has v'=l and v'=O 
almost equal intensity. This is explained if the rate of predissociation rises rapidly 
with v', leaving v'=O least affected. It is also possible that the background ion-pair 
state is directly predissociated, but there is no hint of oscillator behaviour with 
v, in the amplitude of the ion-pair structure around each Rydberg level, nor of a 
marked decline in their intensity across each such cluster. 
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523 63269.2 3.6 0.28 1.16 563 63809.4 -0.4 21.47 63.6 
524 63284.3 2.6 0.42 1.57 564 63818.9 0.9 33.35 117.0 
525 63299.1 2.7 0.73 0.0889 565 63829.2 - 14.75 60.1 
526 63313.5 3.3 2.01 4.46 566 63841.5 3.5 5.26 24.9 
527 63327.7 - 11.67 18.4 567 63854.5 3.5 2.46 13.3 
528 63336.0 - 70.25 86.5 568 63867.8 2.2 1.42 8.58 
529 63344.7 - 10.45 6.31 569 63880.8 1.2 0.99 6.71 
530 63358.9 - 1.84 0.464 570 63894.2 2.8 0.72 5.30 
531 63373.6 - 0.79 0.00531 571 63907.5 1.5 0.58 4.44 
532 63388.2 - 0.50 0.0526 572 63920.8 - 0.49 3.91 
533 63402.9 - 0.40 0.180 573 63933.8 0.2 0.49 3.92 
534 63417.3 - 0.40 0.334 574 63947.0 - 0.49 3.77 
535 63431.9 - 0.40 0.404 575 63960.2 - 0.54 3.86 
536 63446.5 - 0.43 0.576 576 63973.4 - 0.65 4.18 
537 63461.0 - 0.49 0.796 577 63986.3 - 1.05 5.60 
538 63475.5 - 0.58 1.12 578 63999.2 -2.2 1.75 7.58 
539 63489.9 2.0 0.74. 1.59 579 64011.6 -1.6 4.55 14.6 
540 63503.9 1.0 1.09 2.43 580 64023.6 -0.6 15.29 37.2 
541 63518.1 1.7 1.58 3.84 581 64142.4 -0.9 25.95 45.1 
542 63532.3 2.6 2.57 7.88 582 64041.2 -0.2 15.00 20.5 
543 63546.1 2.7 4.88 14.8 583 64052.9 -2.9 7.17 7.42 
544 63559.4 2.5 11.31 33.7 584 64065.2 -3.2 3.93 2.98 
545 63570.7 0.7 25.57 74.5 585 64077.8 - 2.53 1.39 
546 63585.3 -3.3 25.10 70.0 586 64090.4 - 1.75 0.662 
547 63593.1 -2.3 10.89 28.3 587 64103.2 - 1.31 0.322 
548 63606.2 -1.3 5.15 11.7 588 64115.8 - 1.08 0.179 
549 63619.8 0.0 2.76 5.40 589 64128.5 - 0.90 0.0836 
550 63633.6 -0.8 1.72 0.770 590 64141.3 - 0.78 0.527 
551 63647.5 -0.7 1.21 0.348 591 64154.3 - 0.70 0.323 
552 63661.5 0.4 0.93 0.246 592 64166.6 - 0.66 0.244 
553 63675.3 -0.5 0.78 0.433 593 64179.2 - 0.64 0.00822 
554 63689.2 - 0.70 0.177 594 64191.8 - 0.64 0.0180 
555 63702.8 -3.0 0.72 0.0692 595 64204.3 - 0.67 0.0201 
556 63716.7 -3.8 0.74 0.00094 596 64216.9 - 0.75 0.0529 
557 63730.4 -3.6 0.81 0.000164 597 64229.3 - 0.93 0.000987 
558 63744.2 -5.3 0.97 0.0519 598 64241.8 - 1.24 0.202 
559 63757.8 -4.9 1.29 0.255 599 64254.6 -5.4 2.34 0.674 
560 63771.4 -6.5 1.93 2.12 600 64266.1 -6.1 8.63 3.52 
561 63784.8 -3.9 3.44 5.80 601 64274.8 -0.8 59.83 29.2 
562 63797.5 -4.7 7.56 17.5 602 64281.5 6.5 20.92 11.1 
Table 6-1: Observed and calculated vibronic band positions of the 01 state. 
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6.3 Simulation of the Observed Spectrum 
6.3.1 Generation of the Diabatic Potential Curves 
The theory of the diabatic potential curves of diatomic molecular states has been 
described in Chapter 1. Considerable extension of the known portion of the 131 
ion-pair state potential is required for the present simulation of the observed spec-
tra. There is no direct measurement of the R and Te values of the [2 113/2] 7s;19 
Rydberg state, and these must be established before the vibronic coupling problem 
can be tackled. 
For the I91 state, molecular constants valid up to v'=68 were used to generate 
the RKR potential curve between 3.0 and 4.9 A [10]. The absolute position of the 
outer branch of the potential for 6< R/A< 17.7 was produced from the truncated 
Rittner expression 
V(R) = T c,o - C1 R' + C3R 3 - C4 R 4 C6 R 6 	(6.1) 
where C1 == 1.16141 x 10 5 cm'-A, C3 = 	C4 = (o,+ + a'-) 
(4 co) 
and C6 represents the attractive dispersion force. The sign of ®, the quadrupole 
moment of 1+  depends on M and the quadrupole-anion interaction energy is 
positive for M=1 for the 31 state. The calculated coefficients of the 01 state 
are listed in Table 6-2, and also those of the D'2 9 state calculated previously for 
comparison. Four knot points were used to join the long range analytical portion 
onto the RKR portion and nine points were used to extend the inner wall of the 
potential to 65,000 cm - '. These points, together with those needed to describe 
the analytical and RKR portions of the potential are given in Table 6-3. The total 
potential curve thus generated reproduced vibrational term values of v'=068 to 
within an average deviation of ±0.2 cm' and positions of the first four ion-pair 
levels in Table 6-1, which are relatively unperturbed, to within ±3 cm - '. The 
absolute numbering of the first of the vibronically coupled ion-pair levels was 
established as v'=523. 
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Ion-pair State T Ci C3 a C4 b C6 
(cm') (cm- '/A) (cm'/A3 ) (cm- '/A4) (cm- ' /A6 ) 
D'29 72169.0 1.16141x iO -4.34x 104 5.57x  105 1.0x 106 
/31 72169.0 1.16141x 105 2.17x  104 6.74x  105 1.0x 106 
a The symbol of C3 is determined by the micro-electronic configuration of 1+ 
b  The uncertainty of C4 is due to 2.0<aj <4.0 A3 
Table 6-2: Coefficients used to generate the Rittner potential curves. 
Five vibrational levels of the { 2 113,2] 7s;19  state have been observed, giving 
T=63,323.9 cm', w=243.9 cm', wx =2.14 cm -1 and from the position of the 
atomic asymptote, De 6845 cm- '. No Be value has been reported for this state, 
but Kvaran et al. [11, 12] have obtained R e =2.56+0.01 A for the [2 113/2]5d ; 1 g 
state and Re 2.5656 A for the [2rI1/]6s;19  state. As the result of fitting the 
vibronically coupled spectrum, the optimum values were found to be De =6375 
cm', w,=246.5 cm' and R=2.552 A consistent with the weakly bonding nature 
of the 7s Rydberg orbital compared with the distinctly anti-bonding character of 
the 6i  orbital (Re =2.631 A for [2H3,2]6p;o [5] and Re =2.58 A for I 2 1131 2 
[131). The potential curves of the relevant ion-pair and Rydberg states in the final 
vibronic simulations are shown in Figure 6-2. 
6.3.2 The Vibronic Coupling Calculation 
Chapter 1 has generalized adiabatic and diabatic representations of two interact-
ing diatomic molecular states. The Rydberg/ion-pair vibronic coupling problem 
encountered here is dealt with in the diabatic representation. In the diabatic for-
mulation of the two-state approximation for the vth vibrational energy level of the 
coupled system, the vibronic wavefunction is 
c/(r)Wi,(R) + c(r)W2,(R) 	 (6.2) 
where the suffix 1 labels the Rydberg component and 2 the ion-pair component. 
The wave equation for nuclear radial motion in the Jth angular momentum state 
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R/ A V /cm - ' R/ A V /cm' 
2.50 69000.00 5.00 47590.82 
2.60 64088.01 5.10 48137.6 
2.70 59318.99 5.20 48676.17 
2.80 54762.77 5.30 49204.27 
2.90 50761.98 5.40 49719.86 
3.00 47518.26 5.50 50220.86 
3.10 45113.49 5.60 50705.17 
3.20 43347.55 5.70 51170.71 
3.30 42129.42 5.80 51615.39 
3.40 41361.84 5.90 52037.13 
3.50 40952.31 6.00 52433.83 
3.60 40821.54 6.50 54054.88 
3.70 40903.06 7.00 55401.08 
3.60 40821.54 7.50 56553.08 
3.70 40903.06 8.00 57554.00 
3.80 41145.18 8.50 58431.33 
3.90 41504.91 9.00 59207.43 
4.00 41950.04 9.50 59899.20 
4.10 42455.02 10.00 60519.90 
4.20 43000.31 11.00 61588.42 
4.30 43570.70 12.00 62475.94 
4.40 44154.64 13.00 63225.25 
4.50 44743.27 14.00 63866.49 
4.60 45330.02 15.00 64421.61 
4.70 45909.89 16.00 64906.93 
4.80 46479.48 17.00 65334.88 
4.90 47037.74 18.00 65715.11 
Table 6-3: Knot points used to generate the 01 state potential curve. 
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Figure 6-2: Potential energy curves of the D'2 9 and /31 ion-pair states and of 
the {2 11312]5d;29  and [2 113/ 2] 7s;1 9  Rydberg states used in the final simulation. 
The highest previously reported vibrational levels of the two ion-pair states are 
indicated. 
CHAPTER 6. HYDBERG/IP STATE VIBRONIC COUPLING IN 12 	135 
then reduces to two coupled Schrödinger equations, HT = ET, where H is the 
2x2 matrix with diagonal entries Hii  = + 
J1)1  + V(R) and the off- 211 VR 	R2 
diagonal term, H12 (R), represents the electronic coupling which is assumed to 
be homogeneous. W is the column vector {W 1 (R) , 'IP2v (R)} and E = El. The 
coupling matrix element, H12 is in principle radially dependent, but in practice 
is dynamically restricted to a narrow region around the curve crossing at R (See 
Figure 1-1) where the two uncoupled wavefunctions W 1 (R) and W 2 (R) have the 
same local wavelength. This is especially true in the present case where there is 
a cons iderable difference in gradient of the two potentials at R, and H12 (R) is 
taken to be constant at its value at R. Some further details of the numerical 
method are given in Appendix D. Energy levels close to a diabatic crossing are 
very sensitive to the precise position of that crossing and in order to assign the 
parameters of both the potentials in the crossing region and the coupling matrix 
element itself, the fit of as large a data set as possible was optimised. The over-
all spectrum of the [2 113,2] 7s;1 9 state was simulated as follows: (1) the diabatic 
potential parameters and the value of H12 were adjusted to minimise the stan-
dard deviation of the vibronically coupled levels from their observed positions, 
(2) the Franck-Condon factor (Wx (v" = 0) I WR (v')) from the excitation step to 
each coupled state [2 113,2] 7s;1(v') was calculated, (3) the overlap of a continuum 
wavefunction XE  with WRy  (v') was calculated to model the v' dependence of the 
rate of predissociation. XE  was calculated by outward integration using the Nu-
merov method with a simple exponentially repulsive potential designed to intersect 
the Rydberg potential between v' = 0 and v' = 1. If the relative ionization effi-
ciency of the Rydberg and ion-pair components of a mixed state is designated f20,, 
the (2u1+v2) REMPI signal (total numbers per laser pulse) in the single colour 
experiment described here from the v' level, where "i = "2, is written as 
O( I(v i )cr[J Wx(v")WR(v')dR]2  x 
Kpredis (V') +K 0 (v') + Krad(V') 
(6.3) 
where 
K 0 (v') = ion + C(v')] 	 (6.4) 
and 
Kpredi s  = Apredis [JXEWR y (V l )dR] 2 	 (6.5) 
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In Equation 6.3, the two-photon cross section for the electronic transition in the 
pump step has been assumed to arise entirely from the Rydberg component and 
to be effectively independent of R over the small range spanned by the zero point 
motion of the ground state. Equation 6.4 gives the rate of ionization as a func-
tion of the composition of the vibronically mixed state. The probability C(v) 2 
of finding the system in electronic state i and in the vth vibronically mixed level 
is C(v)2 = f (v) 2 dR. The one-photon ionization cross section of the ion-pair 
state, a is assumed to be independent of v', as is the relative efficiency of Ry-
dberg and ion-pair ionization, Since we are only interested in the relative 
predissociation rates of successive vibronically coupled states, in Equation 6.5 the 
electronic factor has been assumed to be constant and incorporated into the con-
stant Ap redts . Finally, it was assumed that the radiative rate in Equation 6.3, Krad 
could be neglected in comparison with the rate of predissociation or ionization. 
Thus, the last factor in Equation 6.3 has only two adjustable parameters, the 
ratio 	giving the ratio of the ionization rate to the predissociation rate, 
and 	These two factors affect the appearance of the simulated spectrum in 
rather different ways; the predissociation term governs the integrated areas under 
successive clusters around each Rydberg vibronic level, which rapidly decreases 
with increasing Rydberg vibronic level, and f20 governs the extent of the ion-pair 
structure that is detectable around each Rydberg vibronic state. 
It is already noted that the ion-pair component is much more readily ionized 
than the Rydberg component. The latter produces the parent ion whilst ion-
izing an ion-pair state in a REMPI experiment has always been found to give 
predominantly atomic ions. It is known that the mass-resolved REMPI spectrum 
of the [2H/]  7s;19 state consists of at least 90% atomic ions. The mass-resolved 
ion yield for the 1 channel is obtained from Equation 6.3 by applying the fac-
tor
° ( v') 
to the right hand side of Equation 6.4. An acceptable enve- 
'' Ry 
lope of the spectrum as shown in Figure 6-3 was simulated with the combination 
I2(v2)0:P01 
= 1000, ft0 =0.03. 
preds 3 
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Figure 6-3: The observed J+  spectrum, normalised to the square of the laser 
power in the energy range 63,250 64,400 cm-1 (lower trace), and the optimised 
simulated stick spectrum derived from the coupled states (upper trace). 
Corrections for predissociation and relative ionization efficiency of the Rydberg 
and ion-pair components of each vibronically mixed level have been considered as 
described in the text. 
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6.3.3 The Simulated Spectrum 
The T and R values of the Rydberg state [ 2 113/2] 7s;1 9 and the coupling matrix el-
ement H12 were adjusted to reproduce the observed positions of the 80 vibronically 
coupled levels. The optimum values for the parameters were w' = 246.5 cm', 
R'=2.552 A, 1112=250±30 cm'. The simulated spectrum of the Rydberg/ion-
pair [2 113/ 2]7s;lg //31 g coupling system is shown in Figure 6-3, together with the 
observed spectrum in the J+  channel for comparison. 
6.4 Discussion 
The coupling matrix elements that have been deduced so far for homogeneous cou-
pling of Rydberg and ion-pair states in '2  are summarised in Table 6-4. The values 
Of H12 for the 5d, 6p and 7s Rydberg orbitals are quite similar, though it is sur-
prising that the largest interaction should involve the 5d orbital, which is the least 
penetrating of the three Rydberg orbitals. The magnitude of 1112 is fairly small 
compared with values in excess of 1000 cm -1 for strongly avoided crossings [2]. All 
the crossings occur at very similar separations R, and therefore the explanation 
of the small H12 values lies in the detailed electronic configurations. The major 
configuration of all the Rydberg states under consideration is [2430;2  11w ]nl with 
the leading minor configuration [2331;2  L 3/ 21nl introduced by spin-orbit coupling 
in the core for the [2H312]  core state and 12331;2  >,2]nl for those based on the 
[2 111/2] core state. 
The dominant ion-pair configurations at short interatomic separation were 
first enumerated by Mulliken [14] and are largely accepted up to now, though 
the adiabatic correlations with the states of 1± have changed. As for the 0 
states, the D( 3P2 ) state is [1441]'+, the F( 3P0 ) state is [2332] 	and the ou 
F' state is [1342] 11+, which is a singlet state and is believed to correlate with 
1+ ('S0)+1('S0), the energy ordering being based on bonding versus anti-bonding 
orbital occupancy. There is no indication that around Re 2.8 A the singlet char-
acter of the D state is shared by the F and F' states, for these are not seen directly 
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Coupled States H12 /cm Configuration 
[211,]7S;1 250± 30 [2430]7s 1 11 
j31  [2242] 3 E 	([1432] 3ll) 
[2 113/21 5d;29 450±150 [2430]5d,,( 3  r12)/5d, (1+3  A2) 
D'29  [2242] 'z2([1432] 3 112) 
[2 111,2] 6p ;0 107±1 [243O]6p 3ll+ 
F0  [2332] 3 E0  ([1342] 	H+) 
a  Taken from by et al. [5] 
Table 6-4: The coupling matrix elements. 
The first column lists the interacting Rydberg and ion-pair states in the Hund's 
case (c) description, and the second column gives the diabatic electronic matrix 
element. The third column gives the ug 7ru 7r9 uu orbital occupancy and the Hund's 
case (a) description of the dominant configuration of each state, followed by the 
leading minor configuration of ion-pair state. The designation '+3A  indicates a 
single state with an equal mixture of singlet and triplet character in the limit of 
strong spin-orbit coupling in the core. 
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in a one-photon transition from the ground state. However, the [1342] 11 0+ and 
[2332] 	configurations are strongly mixed by spin-orbit coupling around R ou 
of the ion-pair states and some mixing surely persists down to the shorter radial 
separations where the Rydberg states are encountered. The dominant short-range 
configurations of the gerade ion-pair 1819 state is [2242]( 3 E 1 ) and that of D'2 9 is 
[2242]('/. 2 ). Both correlate with I( 3P2)+I- ('S0) which requires the MO config-
urations [1432] 3 3 112 and [I1  at large separations. Another type of minor config-
uration is introduced by electron correlation and is necessary for the molecule to 
dissociate to the required ionic rather than atomic products. To do this, the [2242] 
configuration is increasingly mixing with the [2422] valence configuration at large 
R, and the [1432] configuration with [2341]. 
In a major Rydberg/ion-pair interaction, the dominant configurations are inter-
converted by a two-electron shift mediated by the electron-repulsion term 
Alternatively, the MO configuration remains unchanged as an occupied orbital is 
progressively Rydbergised when R decreases. Either of these changes must occur 
without change of spin and thus only configurations that have the same description 
of Hund's case (a) can mix. It can be seen from Table 6-4 that these conditions for 
strong configuration mixing are satisfied only by the minor ll component of the 
D'29 and 01 states. The necessary configuration change in the [2 H i ,2]6pc ;o/Fo 
mixing is more difficult to achieve, and could involve either the very minor valence 
component [243 1]3 110 -1- of the ion-pair state (it is the dominant configuration of 
the B3IIU  state) or, more likely, the [2331; 	] minor component of the Rydberg 
core. The general necessity to use minor configurations explains the fact that 
none of the interactions achieves the strength being so large that they may occur 
via major configurations. The D0/B0 ('E+)  interaction in C12,  where H12 
2000 cm [2], has been calculated and the configurations are D0 [1441] and B0 
[2430] 4p ,,.. The b 1 11/c1 11 interaction in N 2 , for which H12 1000 cm 1 , has been 
deduced [15], involving the major configurations oiro and [c7r]3p 71.. The latter 
examples again confirm our proposed interaction scheme via minor configurations 
for the Rydberg/ion-pair coupling pairs in Table 6-4. 
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6.5 Conclusion 
The coherent two-photon electronic transition nl(v') +-- X(v" = 0) has given 
rise to a short vibrational progression of the perturbed [ 2 113/ 2] 7s;1 9 Rydberg state 
in 12.  Under higher but still less than rotational resolution, the vibrational lines 
forming a cluster around each vibronic level of the Rydberg state are seen to 
have a closely spaced structure characteristic of an ion-pair state (LG1(v') 30 
cm- ' for the /31 g state). The clearly homogeneous nature of the Rydberg/ion-pair 
perturbation system identifies itself as [ 2 113 / 2] 7s;1 9 / 1819 and solving the two-state 
coupling problem in the diabatic formulation finds the value H12 =250±30 cm-1 
for this system. A comparison with other solved Rydberg/ion-pair homogeneously 
coupling systems in 12  reveals that only minor configurations of the ion-pair states 
contribute to coupling to the Rydberg states via a two-electron shift. The simu-
lation of the present [ 2 113/2] 7s;1 9 //319 vibronic coupling system which was carried 
out included estimations of the relative ionization efficiency of the Rydberg and 
ion-pair components and the rate of predissociation as a function of the electronic 
composition. This therefore presents a route to probe dynamics of the coupling 
states when only one of them is accessed by pumping excitation. 
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Appendix A 
The 'Lifetime' of a Real Continuum 
Intermediate 
The 'lifetime' of the continuum intermediate state in the present bound-free-bound 
transition can be taken as the transit time through the regions of stationary phase 
in the overlap of the continuum (c) and final (d) state wavefunctions. These 
regions are centered on the Condon or classical points of transition at which the 
momentum in the two states is equal. We use primitive semi-classical (WKB) 
wavefunctions &(R) and 'cbd(R) to evaluate the phase integrals well away from the 
turning points. For this reason, we need only the oscillatory portion of the '(R). 
1 pR 
cos{— / /2,4E - V(R)]dR + ii(R) + 	(A.1) It JR 
where 
= JRC /[ - V(R)}dR 	 (A.2) 
and R0 is the inner turning point for motion with total energy E. R is defined 
by 
E - Vf (R C ) = Ed - Vd (R e 
	
) 	 (A.3) 
The overlap integral 
+00 
SEd = j 	
b(R)'çbd(R)dR 	 (A.4) 
will have the dimension of length if the On  in Equation A.1 are substituted into 
Equation A.4. Expanding the Mulliken difference potential AV(R) = V(R) - 
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Vd(R) about R gives 
AV(R) = zV(R) + 	 - R 0 ) 2 	 (A.5) 
and substituting this and Equation A.1 into the expression for Sd converts the 
integral in Equation A.4 to that for the Airy function of the zero argument, we 
have 
	
-Cos [i (Re ) - 71d(R)I x j 
	
-_Rc)3]dR 	(A.6) Sd 2 
-00 	 6hv 0 
= r COS (ij)[']4Ai(0) 
The phase factor cos(i) produces a high frequency modulation in the Franck-
Condon envelope and we neglect this in the following order-of-magnitude calcu-
lations. A relative kinetic energy of 4000 cm' at R0 appropriate to accessing 
the B 3HtU state Of 12 at 440 nm, gives v0 =1.22x 103 ms 1 . Substituting this into 
Equation A.5, together with LV"(R 0 ) 1.5 x 104  cm-1 -A, gives Sd=0.27 A and 
hence a transit time throught this region, &=2.2  x 1014  s. This value changes VC 
only slowly with the continuum kinetic energy. At EB - V(R 0 )= i0 cm, we find 
v=2x 10 ms', Sd = 0.34 A, 	= 1 . 7x 1O_ 14  s. This weak inverse dependence VC 
on v does make it slightly more favourable to keep the continuum kinetic energy 
as low as possible by detuning '\pump  somewhat to the red of the maximum in the 
absorption cross section for the first step. The effective transit time is changed 
by less than one order of magnitude if the excitation somewhat away from the 
red extremum is considered. There are then two interfering paths, arising from 
two regions of stationary phase, but taking the larger R contribution (which is 
associated with the smaller gradient of the difference potential) as dominant, and 
retaining only the linear term LV'(R - R) in the expansion of the integrand in 
Equation A.1 about R0 , we have 
+00 	zV'(R )(R - R )3 	 hv 
S€d cos() f 00 cos[_ hv0 	
C 
 ]dR = cos(7)Sv,R) (A.7) 
Towards the short wavelength limit of the spectra for the E0 state of 12,  the 
parameter values EB - V(R)=5000 cm -1  I  zV'(R) = 1.5 x 
103  cm- '. A -1 are 
typical and lead to S€d = 0.19A, = 1.4 x 10 -14 S.  
VC 
Appendix B 
A Heterogeneously Perturbed Q = 1 
State 
B.1 The Splitting between e and f Sublevels of 
an Q=1 State 
The complete wavefunction On,R  for a linear molecule with electronic angular 
momentum Il is 
I2 e VJfIM) = 	 ( B.1)nQ 
where the Euler angle a is regarded as an electronic coordinate. The operator 
that couples the electronic angular momentum and the molecular rotation is 
h 2 
HCor = 2jR2 I{tj + iJ} 	 (B.2) 
where the sum runs over all electrons and the electronic angular momentum oper-
ator il raises or lowers Il by ±1 while j± simultaneously operates on d_M(0), 
leaving the M quantum number unchanged, i.e., 
= JJ(J + 1) - 11(11 ± 1)d ±l)_M (0) 	(B.3) 
(e) 
	
= n bn(ç±l) 	 (B.4) 
In the pure precession model for the ion-pair states of halogen molecules, 
('D21 I 1 	D22 ) = 2 	 (B.5) 
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I l 1 1 D20) = — v'6- (13.6) 
The 11 = 1 ion-pair state can thus interact with either a close-lying 1 = 0 or 11 = 2 
state. Suppose an Q = 0 state is nearly resonant with the G'1 9 ('D21 ) state, three 
possible states fl = ±1 and 0 are then, in theory coupled by the perturbation, 
H 0,.. The off-diagonal matrix elements, ('D2±1 I 1± i D20 ) are identical and the 
secular equation takes the form 
a1—c 	I310 	0 
I301 	ao - c f301 	= 0 	 (B.7) 
0 	1801 	a_i — c 
with a = T + [J(J + 1) - Q2] B,, and /3 = (1D2±1 I H 0,. 1 D20 ). The roots are 
	
Ce = (ai + a0) ± /(ao - ai)2 +4/3 2 	 (B.8) 
Cf = a1 (13.9) 
It is clear that the f sublevel is unperturbed. The basis wavefunctions corre-
sponding to the above secular equation are h J ' , I 0) and The mixed 
wavefunction of the e sublevel will be considered in the two-photon transition 
route. 
The 1 = 1 state could also be perturbed by a close-lying fI = 2 state. The 
(I 1 )+I -1 )) )) (1 2 )+I -2 basis wavefunctions are then the three symmetric 	, 	and 0) and 
the two anti-symmetric (12)2))  and The secular equations are thus 
1 a2 — c 	/321 	0 	1 
I 012 	a1 - c 010 	= 0 	 (13. 10) 
1 0 	'301 	ao — C] 
and 	 - 
a2 - c 1821 	I = 0 	 (B.11) 11812 
Equation B.10 can be simplified by making the assumption that /32 	0 and 
we thus have approximately the same solutions to Equations B.10 and B.11. This 
results in no splitting between the e and f sublevels of the Q = 1 state. Using this 
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assumption, we can also have an approximation of c in Equation B.8. We use the 
Taylor expansion  
\ 1+ 	
432 	 282 	
(B.12) 
(ao - ai)2 	
1 + 	
- ai ) 2  
and therefore 
Ce 	a1 - 	
32 
(B.13) 
a0 - a1 
If a further similar approximation is made for /?2  and an interaction of Q= 1 with 




f e ai - 	- 
012 	 (B.14) 
a0 —a 1 a2 —a 1 
Cf a1 - 012 	 (B.15) 
a2 - a1 
It is clear that both e and f sublevels are displaced. 
B.2 Two-photon Electronic Transition to the e 
and f Sublevels 
When the Il = 1 state is only perturbed by an Q = 0 state, the mixed electronic 
wavefunction of the e sublevel is 
I e) = 	{ I 1)+  I ')} + 1 	2  0) 	 (B.16) 
where c = 	We may neglect the oscillator strength carried to the I 0) 
electronic component in the two-photon transition in order to be consistent with 
the experimental observation as described in Chapter 4. For the perpendicular 
polarization (X/Y in the space-fixed framework) of the pump and probe photons 
in the bound-free-bound transition, we have the Hönl-London factors 
Sell cx E 	 at_ ± 	nvJ11Z1M) 	(B.17) 
M"M' i 
I ax/1 I n"v"J"f"Ikf") 12 
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Substituting the electronic wavefunctions of the e and f sublevels into the 
above equation and using closure over (J, M1 ), we have 
self 
1 cx I aX((4 + ai) I J"M") 1 2 	(B.18) 
M"M' 
with 
Ajjj = 	I 	I I [z I n"v"") 	(13.19) 
The generalized direction cosines are 
aX = D'0 (O,9,q) 	 (B.20) 
± - (D 1 1 — 1 + D 1 11 ) 
	
cey - 	 (B.21) 
Eventually, the e sublevel has the non-zero Hönl-London factors for only 0, S and 
Q branches while the f sublevel has the non-zero Hönl-London factors for the P 
and R branches. Assuming a single transition route to the 1 = 1 state, these 
Hönl-London factors are those listed in Table 5-1. 
It can be seen that the relative contribution of the 1 = O(0) state to the 
mixed e sublevel is dependent upon both the coupling strength (e I H01.  I 0) 
and the energy difference a0 - Ee. As for the G'l g ion-pair state of 35 C12 , the 
coupling strength may be rather weak, because of the relatively small vibrational 
overlap (v19 I v0+) due to the significant difference of the electronic origins of G'1 9 
(Te = 68,446 cm') and 0(Te = 70,300 cm'). This results in the appropriate 
description of several rotational band contours of the 0'1 ion-pair state with the 
unperturbed Hönl-London factors. When the G'1 9 vibronic level (e.g. v' = 25) is 
in close resonance with an 0 vibronic level, the relative contribution of the I 0) 
component to the e sublevel becomes prominant. We won't explore this further 
because little is known about the 0 potential curve at the moment. 
Appendix C 
Molecular Nuclear Spin Statistics 
C.1 Homonuclear Diatomic Molecules 
In a molecular belonging to the Dh point group (e.g. a homonuclear diatomic 
molecule), alternative rotational levels have different statistical weights. If the 
spins of all the nuclei are zero, the anti-symmetric rotational levels are missing 
entirely, i.e. for thestate the odd rotational levels are absent. If the nuclei 
have a nuclear spin I 0, all rotational levels are present but the even and odd ro-
tational levels have different statistical weights. The ratio of the statistical weights 
of the symmetric and anti-symmetric rotational levels is or f- depending on 
whether the nuclei are Bosons or Fermions. For 12712 and 35 C12 in this thesis, since 
127j has a spin of and "Cl a spin of , both belonging to the Fermi statistics, 
the nuclear spin statistical ratios for even and odd rotational levels are 5:7 and 3:5 
respectively. 
C.2 D3h Polyatomic Molecules 
For a molecule belonging to the D3h point group, with three identical nuclei of 
spin I, the statistical factors for levels of K 0 are the same of those belonging 
to the C 3, point group, that is 
K = 3n(n =A 0), (21+ 1)(412  +41+3) 	 (C.1) 
and 
K = 3n + 1, +2(n 54 0), (21+1)(412  +41) 	 (C.2) 
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CD3  CH3  
K Jeven J0dd Jeven Jodd 
K = 0 1.0 10.0 4.0 0.0 
K = 3n(n 0 0) 8.0 8.0 2.0 2.0 
K = 3n ± 1, +2(n 0 0) 1 	11.0 1 	11.0 1 4.0 4.0 
Table C—i: The nuclear spin statistical weight of CD 3 and CH3 
For K = 0 and even rotational levels, we have 
(2I + 1)(21 + 3)(I + 1) 	 (C.3) 
For K = 0 and odd rotational levels, we have 
(2I + 1)(21 - 1)1 	 (C.4) 
Table C-i shows an application of these to the ground state (X 2 A') of CD 3 and 
CH3. 
Appendix D 
The Vibronic Coupling Calculation 
The radial wavefunction of the Rydberg ( 1) component, /')(R) of the vibroni-
cally mixed state is given by 
= {q/4'](R) + I4](R)}Ym(a,I 3 ) 	 (D.1) 
For energies close to Te of the diabatic (uncoupled) Rydberg state it is confined to 
an amplitude of 0.1 A but the ion-pair component will have an amplitude of 
5 A. It is therefore computationally inefficient and unnecessary to switch on the 
coupling over the whole range of R spanned by both radial components (this would 
need the Rydberg potential extending out to 8 A and an inner branch of the 
ion-pair potential extending into the ionization continuum). The range of R was 
therefore divided into three domains: (a) 2.2< R/A< 2.4; (b) 2.4< R/A< 3.2 and 
(c) 3.2< R/A<14 (Figure D-1). In (a), the Hamiltonian was that of the uncoupled 
Rydberg state, in (b) the two-state Hamiltonian was used and in (c) the uncoupled 
ion-pair Hamiltonian was applied. The boundary positions were decided by taking 
an approximate eigenenergy and determining, semiclassically, the radial positions 
at which a hypothetical wavefunction in each of the wells would have decayed to 
10 6  of its value at the adjacent classical turning point R(E), e.g., in the region 
(a) this would be the value of R 1 satisfying 
exp{_JC [E - V(R) - 	' ]}dR} = 1.0 x 	 (D.2) 
o 	 R2 
The actual numerical method adopted was not a Numerov based shooting 
one in which a wavefunction is generated for a trial eigenenergy and progres- 
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Figure D-1: Numerical calculation regions of the vibronic coupling problem. 
The radial boundaries R 1 and R3 mark the position at which a semi-classical 
wavefunction of total energy E in the potential V1 (R) would have decayed to 10 6 
of its maximum value. R2 and R4 are the boundaries for the wavefunction of the 
same energy in the potential V2 (R). Vibronic coupling is restricted numerically to 
region (b). 
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sively refined until the boundary conditions are satisfied. Instead, a related global 
determinant al-based one was used in which all the required eigenenergies are first 
found to a prescribed precision (typically iO cm - ' in the present problem) by 
a node-count from sign changes in the progressive principal minors ofwhich 
is replaced by a2 (—/_ 2 + 160_ - 305 + 16+ - 0fl+2) in the nth diago-
nal element of I H  I where a is the tabulation interval of 0 . The advantage of 
this approach is that the main cycle of optimization to determine H12 is carried 
out using eigenvalues to give the line positions and the wavefunctions are only 
required at the final stages to fit the amplitudes of the peaks of the REMPI spec-
trum. Naturally, the stability of the eigenvalues with respect to step length and 
the position of the boundaries was checked. In the limit of H12 -+ 0, the c(v), 
must be given by first order perturbation theory in the two adiabatic potentials. 
This formed another numerical check, but it was noticeable that, with the larger 
strength of coupling required in the present case, the wavefunctions &(R) were 
appreciably extended into classically forbidden regions in region (b) beyond the 
nominal turning points for the eigenenergy. It was thus important to set generous 
limits on the boundaries defining this coupling region. 
When obtaining the eigenvalues E1 , E2 and the coupling matrix element H12 
from the above numerical procedure, we have the following secular equations where 





= 0 	 (D.3) 
H21 H22 	E1 - C12 j 
H12 21 C2  \ 
H22 - E2) (22) 
= 0 	 (D.4) 
H21 
The Rydberg and ion-pair components C21 , C22 are Cp2 (v') and C(v') in Equation 
6-4. 
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